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Foreword 


In  recent  years,  a  number  of  weather-related  accidents,  along  with  the  introduction  of  new  types  of  anti-icing  fluids  and 
apparent  uncertainties  in  certification  and  operation  procedures,  have  stimulated  renewed  research  activities.  Aircraft 
operators,  the  aircraft  industry,  as  well  as  research  institutes  and  certification  authorities,  are  participating  in  such  activities. 

This  situation  has  led  the  Fluid  Dynamics  Panel  to  organize  a  specialists’  meeting  on  the  “Effects  of  Adverse  Weather  on 
Aerodynamics”. 

Since  the  effects  of  adverse  weather  on  aerodynamics  involve  a  broad  range  of  weather-related  phenomena  and  devices  — 
different  forms  of  precipitation,  wind  shear,  anti-icing  fluids  and  devices,  etc.  —  an  in-depth  coverage  of  these  effects  within  the 
confines  of  a  meeting  required  some  focussing.  To  this  end,  the  scope  of  this  FDP  Specialists’  Meeting  focussed  on  the 
degradation  of  aerodynamics  performance  due  to  different  forms  of  precipitation,  such  as  ice  accretion,  and  due  to  anti-icing 
fluids  ar.d  devices.  This  degradation  of  performance  continues  to  be  a  concern  in  aircraft  operations  and  is  also  a  significant 
factor  in  aiicraft  design. 

A  <  omplementary  coverage  of  weather-related  effects  —  wind  shear,  fog,  etc.  —  on  aircraft  performance  is  provided  in  AGARD 
CP-470,  “Flight  in  Adverse  Environmental  Conditions”  (AGARD  FMP  Symposium  held  in  Norway  in  May  .1989). 

The  purpose  of  the  present  specialists’  meeting  was,  in  particular: 

1.  To  provide  an  update  of  the  state-of-the-art  with  respect  to  the  prediction,  simulation,  and  measurement  of  the  effects  of 
icing,  anti-icing  fluids,  and  various  forms  of  precipitation  on  the  aerodynamic  characteristics  of  flight  vehicles; 

2.  To  communicate  research  results  obtained  in  recent  years  on  the  following  topics: 

—  theoretical  and  empirical  modelling  of  ice  accretion  on  airfoils,  wings,  control  surfaces,  propellers,  rotors,  air  intakes, 
etc.; 

—  experimental  and  computational  simulation,  and  flight  test  verification  of  the  effects  of  icing  on  aerodynamic 
characteristics; 

—  experimental  and  computational  simulations  of  the  effects  of  de-icing  and  anti-icing  fluids,  and  devices  on 
aerodynamics; 

—  effects  of  (heavy)  rain  and  other  forms  of  precipitation  on  aerodynamic  characteristics; 

—  effects  of  the  type  of  ice  (rime,  glaze)  on  aerodynamic  characteristics; 

—  facilities  and  experimental  techniques  (including  flight  tests)  for  simulating  and  measuring  the  effects  of  icing,  anti- 
icing  fluids,  and  heavy  rain  on  the  aerodynamics  of  flight  vehicles  and  their  components; 

—  certification  and  operation  procedures  and  regulations. 


For  the  sake  of  statistics  it  is  mentioned  that  of  the  24  papers  offered  to  the  Programme  Committee,  19  (including  invited 
papers)  could  be  accommodated  within  the  time  frame  available. 

These  19  papers  were  ordered  into  3  sessions: 

—  Icing  1  Introduction  and  survey  papers,  certification  issues. 

—  Icing  2  Prediction  and  simulation  of  ice  contamination  and  its  effect  on  aerodynamics. 

—  Effects  of  heavy  rain  and  de/anti-icing  fluids. 


In  alphabetical  order  of  country  of  origin  there  was/were 


2  papers  from  Belgium 

3  papers  from  Canada 
3  papers  from  France 

1  paper  from  Germany 


1  paper  from  the  Netherlands 
1  paper  from  Spain 
1  paper  from  the  United  Kingdom 
7  papers  from  the  United  States. 


T\vo  papers  could  not  be  presented  because  of  sudden  travel  restrictions. 


The  Programme  Committee  gratefully  acknowledges  that  2  of  the  4  invited  papers  were  provided  by  the  Flight  Mechanics  Panel 
(FMP)  and  the  Propulsion  and  Energetics  Panel  (PEP)  of  AGARD. 

It  is  finally  mentioned  that  the  Technical  Evaluation  Report,  written  by  Mr  J.  Reinmann  of  NASA  Lewis  is  available  as  AGARD 
Advisory  Report  No.306. 


Professor  Ir  J.W.Slooff 
Chairman,  Programme  Committee 


Avant-Propos 


Les  travaux  de  recherche  dans  ce  domaine  ont  repris  ces  dernieres  annees  a  la  suite  d’un  certain  nombre  d’accidents  lies  aux 
conditions  meteorologiques  qui  se  sont  produits,  ainsi  que  de  l’apparition  de  nouveaux  types  de  liquides  antigivrage  et  de 
supposees  incertitudes  dans  les  procedures  d’homologation  et  de  vol.  Participent  a  ces  activites  des  utilisateurs  d’avions  et 
l’industrie  aeronautique  en  general,  ainsi  que  des  instituts  de  recherche  et  les  services  d’homologation. 

Eu  egard  a  cette  situation,  le  Panel  AGARD  de  la  Dynamique  des  Fluides  a  decide  d’organiser  une  reunion  de  specialistes  sur 
“Les  effets  du  mauvais  temps  sur  Paerodynamique”. 

Etant  donne  que  les  effets  du  mauvais  temps  sur  Paerodynamique  couvrent  un  large  eventail  de  phenomenes  et  de  dispositifs 
ayant  un  lien  avec  le  temps...  les  differentes  formes  de  precipitation,  le  cisaillement  du  vent,-  les  liquides  et  les  dispositifs 
antigivrage  etc...  une  mise  au  point  s’imposait  afin  de  permettre  un  examen  approfondi  ce  des  effets  dans  le  cadre  d’une  reunion. 
A  cette  fin,  le  programme  de  cette  reunion  de  specialistes  FDP  a  mis  l’accent  sur  la  degradation  des  performances 
aerodynamiques  due  aux  differentes  formes  de  precipitation,  telles  que  Paccumulation  de  glace,  et  aux  et  dispositifs  antigivrage. 
Cette  degradation  des  performances  continue  a  poser  des  problemes  pour  Pexploitation  et  doit  toujours  etre  prise  en  compte 
lors  de  l’etude  de  l’avion. 


Une  etude  complementaire  des  effets  du  mauvais  temps...  cisaillement  du  vent,  brouillard  etc...  est  fournie  par  la  publication 

AGARD  CP-470  “Le  vol  dans  les  mauvaises  conditions  ambiantes”  Symposium  AGARD  FMP,  Norvege,  mai  1989. 

L’objet  de  la  reunion  FDP  etait: 

1.  De  presenter  une  revue  de  l’etat  de  Part  en  ce  qui  concerne  la  prevision,  la  simulation,  et  le  controle  des  effets  du  givrage, 

des  liquides  antigivrage,  et  des  differentes  formes  de  precipitation  sur  les  caracteristiques  aerodynamiques  des  vehicules 

aeriens. 

2.  De  communiquer  les  rcsultats  des  travaux  de  recherche  effcctues  sur  les  questions  suivantes: 

—  la  moderation  theorique  et  empirique  de  Paccumulation  de  glace  sur  les  profils,  les  voilures,  les  gouvernes,  les 
helices,  les  rotors,  les  prises  d’air  etc... 

—  la  simulation  experimentale  et  par  ordinateur,  et  la  verification  en  vol  des  effets  du  givrage  sur  les  caracteristiques 
aerodynamiques  des  vehicules  aeriens. 

—  Ia  simulation  experimentale  et  par  ordinateur  des  effets  du  degivrage  et  des  liquides  et  dispositifs  antigivrage  sur 
Paerodynamique. 

—  les  effets  des  pluics  (fortes)  et  d'autres  formes  de  precipitation  sur  les  caracteristiques  aerodynamiques  des  vehicules 
aeriens. 

—  les  effets  des  differents  types  de  glace  (givre,  verglas)  sur  les  caracteristiques  aerodynamiques  des  vehicules  aeriens. 

—  les  installations  et  les  techniques  experimentales  (y  compris  les  essais  en  vol)  pour  la  simulation  et  le  controle  des 
effets  du  givrage,  des  liquides  antigivrage  et  des  pluies  fortes  sur  Paerodynamique  des  vehicules  aeriens  et  leurs 
composants. 

—  les  procedures  et  les  reglements  d’homologation. 


Par  egard  pour  la  statistique  il  est  a  noter  que  le  comite  organisateur  a  pu  inclure  au  programme  19  communications  sur  les  24 
rccues  (dont  certaines  presentees  sur  invitation)  etant  donne  les  contraintes  de  temps  imposees. 


Les  19  communications  ont  ete  programmees  en  trois  seances: 

—  givrage  1  Communications  d’introduction  et  vue  d’ensemble,  questions  d'homologation. 

—  givrage  2  Prevision  et  simulation  de  la  contamination  par  la  glace  et  les  effets  sur  Paerodynamique. 

—  les  effets  des  pluies  fortes  et  des-Iiquides  de  degivrage/antigivrage. 


Les  communications  presentees,  par  ordre  alphabetique  du  pays  d’origine,  s’etablissent  comme  suit: 

2  communications  de  la  Belgique  1  communication  de  Pays-Bas 

3  communications  du  Canada  1  communication  de  l’Espagnc 

3  communications  de  la  France  1  communication  du  Royaume-Uni 

1  communication  de  l’Allemagne  7  communications  des  Etats-Unis 


Deux  communications  n’ont  pas  pu  etre  presentees  a  cause  de  restrictions  de  deplacement  de  derniere  minute. 

Le  comitc  organisateur  tient  a  remercier  le  Panel  AGARD  de  la  mecanique  du  vol  (FMP)  et  le  Panel  de  propulsion  et 
d’energetique  (PEP)  pour  avoir  bien  voulu  fournir  2  des  4  communications  presentees  sur  invitation. 


Enfin,  il  est  signale  que  le  rapport  devaluation  technique,  redige  par  M.J.  Reinmann  de  NASA  Lewis  est  public  sous  la  forme  de 
AGARD  Advisory  Report  No.306. 

Profcsseur  Ir  J.W.SIooff 
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FLIGHT  IN  ADVERSE  ENVIRONMENTAL  CONDITIONS 


by 

J.F.Renaudie 
1  rue  Richard  Mique 
78000  Versailles 
France 


SUMMARY  :  The  first  Session  of  the  FMP  Symposium 
in  Gol  was  devoted  to  the  various  techniques  of 
measurements  of  wind  velocity  vector  in  severe 
turbulences  or  windshear  events, both  from  flight 
test  aircraft  and  from  airline  operations.  Very 
good  results  are  now  provided,  but  with  sophisti¬ 
cated  means. The  second  Session  was  centered  on  crew 
warning  ,crew  reactions  and  procedures  in  windshears 
and  severe  disturbances,  also  on  novel  devices  f_o 
improve  aircraft  behaviour  ,and  as  a  consequence, 
safety. A  few  papers  adressed  visibility  in  session 
3,  While  Session  4  adressed  very  completely  icing 
accretion  and  protection. The  last  Session  addressed 
the  electromagnetic  interferences  and  lightning 
strikes  which  may  effect  the  new  electric  flight 
control  systems. 


INTRODUCTION 


Background 

Adverse  environmental  conditions  have  four 
manifestations  of  primary  interest  to  the 
Flight  Mechanics  Specialists  :  atmospheric 
disturbances, visibility, icing,  and  electro¬ 
magnetic  disturbances. All  four  manifestations 
can  seriously  influence  flight  safety .comfort 
and  operational  capabilities. 

The  Flight  Mechanics  Panel  (  FMP  /  has  an 
ongoing  subgroup. on  the  topic  of  windshear. 

In  addition, the  Panel  has  sponsored  two 
Working  Groups  on  the  topic  of  Rotorcraft 
icing  .A  Symposium  of  the  FMP  on  "Flight 
in  Turbulence"  was  held  in  BEDFORD  ,  UK, 
in  1982.  Since  that  time  there  have  been  many 
activities  relative  to  fixed-wing  aircraft 
concerns,  e.g.  JAWS, Low  CAT, Wake  Vortex  Mea¬ 
surement,  windshear  Measurement  and  investi¬ 
gation,  flow  field  and  turbulence  Measurements 
around  geographic  obstacles  .which  have  pro¬ 
duced  important  results 

Additional  advances  have  been  made  in  design 
of  active  control  systems  which  can  provide 
significant  alleviation  of  gust  loads  and 
turbulence  response  :  the  immense  growth  of 
electronic  devices  in  the  aircraft  will  im¬ 
prove  handling  qualities  and  flight  safety, 
e.g.  fly  by  wire,  CCV. These  electrically 
signalled  control  systems  and  installed  equi¬ 
pment  can  be  significantly  effected  by  elec¬ 
tromagnetic  disturbances,  especially  in 
flights  at  greater  altitudes. 

The  increased  emphasis  by  the  military  on 
beeing  able  to  operate  in  poor  weather  and  at 
night  has  resulted  in  the  development  of 


vision  aids  such  as  light  intensification 
and  infrared  devices .These  developments 
have  been  applied  to  fixed-wing  aircraft  and 
helicopters  and  now  allow  operations  close 
to  the  ground  in  poor  visibility  and  more 
adverse  weather  conditions. The  problem  has 
therefore  expanded  and  there  is  increased 
need  not  only  to  make  the  aircraft  resis¬ 
tant  to  the  adverse  conditions  but  also 
improve  the  ability  to  model  and  predict 
these  adverse  conditions  so  that  the  built- 
in  capabilities  are  not  exceeded. 

Therefore  the  FMP  decided  to  hold  a  Sympo¬ 
sium  on  this  subject  in  Gol,  NORWAY, 8-11  May 
1989. 

The  Symposium  (  Fig  1) 

It  was  structured  around  five  Sessions: 

Session  1 : Atmospheric  Measurements  and 
Modelling 

Session  2:  Effect  of  Disturbances  on 
Design  and  Operations 

Session  3:  Visibility 

Session  4:  Icing 

Session  5:  Electromagnetic  Disturbances 

It  is  a  challenge  to  summarize  these  26  excel¬ 
lent  papers, therefore  ,to  give  the  spirit  of 
this  Symposium  instead  of  a  detailed  review, 

I  have  selected  those  Papers  presenting  the 
most  significant  items, and  extracted  from 
them  what  I  believe  as  essential. 
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SESSION  1: ATMOSPHERIC  MEASUREMENTS  AND 
MODELLING 

Fig  2 


positioning  (ATC  radars)  :this  is  speci¬ 
fically  mentioned  when  the  purpose  is  to 
investigate  wether  the  origin  of  an  airline 
incident/accident  is  an  atmospheric  inci¬ 
dent  or  not 


1.1. Paper  (6)  from  TOMKINS  (USA)  was  the  only 

one  to  give  a  broad  picture  of  all  atmospheric  SESSION  2 : EFFECTS  OF  DISTURBANCES  ON 
measurements  and  experiments  including  ground  DESIGN  AND  OPERATIONS 
facilities, in  relation  with  adverse  atmosphe¬ 
ric  events, such  as  extremes  of  temperatures,  2.0. Overview  of  the  session: 
storm,  icing,  lightning, electromagnetic  in¬ 
terferences,  clouds,  visibility  and  air  pollu-  Fig  10 
tion. 

All  other  Papers  adressed  the  measurement  Six  of  the  papers  presented  adress  the 

of  wind  velocity  vector  (with  components  along  major  subject  of  windshear  effects  on 
all  three  Earth  axis,  including  speed  vector  aircraft,  while  paper  (12)  from  McPHERSON 
rotations  ).  and  ISAAC, CANADA,  gives  a  picture  of  a  num¬ 

ber  of  atmospheric  events  encountered  during 
Fig  3  the  Canadian  Atlantic  Storm  Programme  (CASP), 

such  as  icing, snow  encounter  with  poor  visi- 
Special  mention  must  be  made  of  Paper  (3)  bility,high  windshears  and  crosswinds, 

from  WINGROVE  BACH  and  SCHULTZ  of  NASA  because 

it  adressed  the  analysis  of  severe  atmospheric  The  items  highlighted  by  the  authors  of  this 
disturbances  ,from  airline  flight  records.  session  may  be  classified  along  the  following 

headings : 

Fig  4  -picture  of  atmospheric  events 

-operations  in  adverse  weather 

This  figure  presents  two  types  of  severe  -design  of  aircraft  for  bad  weather 

atmospheric  disturbances  -experimental  programmes  and  studies 


Fig  5 

Again  two  cases  of  severe  turbulence  encounter 
at  cruise  altitudes, due  either  to  a  thunder¬ 
storm  front  or  to  the  wind  over  a  mountain 
range. 

Fig  6 

This  figure  presents  the  temperature  inversion 
at  the  tropopause  associated  with  the  severe 
turbulences  described  in  the  previous  figure. 

Fig  7 

This  figure  .extracted  from  Paper  (4)  from 
VORSMAN  ,  Germany , illustrates  the  challenge  of 
this  kind  of  measurement  of  very  small  wind 
vectors  figures  ,as  differences  between  the 
airspeed  and  ground  speed  vectors  of  the  air¬ 
craft. This  is  obviously  the  origin  of  all  pro¬ 
blems  found  , inthe  technique  of  atmospheric 
measurements. 

Nevertheless  the  need  of  test  aircraft  with 
specific  flight  test  instal1 ation, at  least 
to  provide  a  method  for  deriving  the  atmos¬ 
pheric  wind  measurements  from  airline  recor¬ 
ding,  is  pointed  out  by  3  papers,  (1),(2) 
(4), and  examples  chosen  are  modified  trans¬ 
port  aircraft  (Nord  262,Dornier  128  and  228) 

Fig  8 

This  figure  .extracted  from  the  Paper  from 
VORSMAN,  Germany , shows  the  cross  section  of 
the"meteopod"  system  used  by  the  Alfred 
Wegener  Institute  on  Airplanes  or  Helicopters, 
to  measure  the  wind  velocities 

A  variety  of  means  are  used  to  provide 
accurate  derivation  of  wind  vector;  neverthe¬ 
less  none  of  the  papers  mention  the  laser 
flow  measurements  which  are  sometime  used  by 
research  establishments. 

Fig  9 

All  papers  insist  on  the  need  of  good  aircraft 
position  recording  by  on  board  means  (inertial 
reference  system,  or  satellite  positioning 
system)  and  check  of  position  by  ground  radar 


2.1. Picture  of  some  atmospheric  events 
Fig  11 

The  Canadian  Atlantic  Storm  Programme  (CASP) 
describes  the  penetration  of  storm  with  a 
specifically  equipped  aircraft, a  Twin  Otter 
carrying  a  specific  instrumentation  system. 

The  equipment  needed  to  complete  such  a 
flight  test  campaign  is  the  following: 

-the  test  aircraft  itself, Twin  Otter 
specially  modified  to  survive  a  penetration 
into  severe  icing  environment  for  a  long  time, 
and  equipped  with  instrumentation  needed 
for  water  droplet  size  measurements, cloud 
water  concentration, in  addition  to  the  usual 
flight  parameters. 

-a  second  aircraft  ( DC3 )  able  to  divert 
at  greater  distances  than  the  Twin  Otter  and 
also  equipped  adequately. 

-3  weather  Radars,  meteorological 
towers,  buoys, ships. 

-satellite  navigation. 

Fig  12 

This  slide  shows  the  CASP  operational  area. 


2. 2. Operations  in  adverse  weather 
Fig  13 

Four  main  concerns  are  adressed: 

(a) -  in  flight  detection  of  events 

(b) -  aircraft  trajectory 

(c) -  crew  reactions  and  correct  crew 
procedure 

( d )  —  specific  case  of  short/vertical 
take  off  aircraft  and  helicopters. 


(a)-  in  flight  detection  of  events: 

Papers  adress -mainly  windshear  detection. 
All  authors  of  papers  (7), (8), (9)  agree  on 
the  finding  that  the  best  parameter  for 
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detection  is  based  on  energy  height  (which 
expresses  the  sum  of  potential  and  kinetic 
energy  of  the  vehicle  ). Difference  between, 
energy  height, actual  and  expected, and  their 
rate  of  variation,  gives  a  way  to  introdu¬ 
ce  some  phase  advance, needed  for  proper 
crew  reaction  ,and  provide  the  input  of 
warning  displays. 

Nevertheless  the  usefullness  of  "point 
iource  sensors"  is  found  very  limited  by 
A.E.WOODFIELD  from  United  Kingdom  in 
Paper  (8)  who  concludes  his  written  paper 
saying: 

"Point  source  sensors  cannot  produce  info¬ 
rmation  on  the  total  size  of  a  windshear 
until  after  it  has  occurred. This  is  too 
late  to  help  a  pilot." 

Nevertheless  this  judgement  is  not  shared 
by  all  authors  as  shown  in  the  following 
figures: 

Fig  14 

This  slide  shows  a  flight  simulator  appro¬ 
ach  in  windshear  condition, with  an  experi¬ 
enced  pilot, with  and  without  a  windshear 
warning  display.lt  is  extracted  from  Paper 
(7)  from  SHAENZER  .Germany. It  shows  that 
the  warning  display  help  the  pilot  to 
avoid  the  accident,  inevitable  without  it. 

Fig  15 

In  the  same  windshear  condition  the  less 
experienced  pilot  achieve  a  trajectory 
similar  to  the  trajectory  flown  by  the 
experienced  pilot  provided  that  the  wind- 
shear  warning  be  available. 

Fig  16 

Cathode  tube  flight  instruments  are  pro¬ 
bably  those  which  provide  the  best  flexi¬ 
bility  to  introduce  such  warnings, using 
pointers  giving  the  energy  height  and  its 
rate  of  change. This  is  extracted  from  the 
paper  from  BONAFE,  France. 

(b) -  Aircraft  trajectory: 

Fig  17 

This  figure  gives  an  example  of  possible 
trajectories  during  windshear  conditions 
experienced  in  Dallas  Aug. 1985  which  lead 
to  the  accident  of  Flight  Delta  191  in  an 
attempt  to  land  instead  of  going  around 
as  Flight  American  539. 

Fig  18 

This  shows  the  modellisation  of  the  micro¬ 
burst  encountered  by  the  two  aircraft 
at  Dallas  Fort  Worth. These  two  last  figures 
are  extracted  from  Paper  (3)  from  WINGROVE 
BACH  and  SCHULTZ  ,NASA,wich  was  illustrated 
by  a  video  film  explaining  the  accident  of 
Flight  Delta  191.1  hope  that  the  audience 
will  have  the  opportunity  to  see  this  film. 

(c) -  Crew  reactions  and  procedure: 

They  are  adresssed  by  three  papers  (3), (7) 
and  (9), only  to  state  that  the  right  pro¬ 
cedure  has  to  be  found  within  the  existing 


limitations  of  the  aircraft, in  terms  of  low 
speed  .stall,  etc...  which  is  not  easy 
unless  the  aircraft  is  fully  protected 
against  them. The  video  film  on  Delta  191 
accident  .used  to  illustrate  paper  (3) 
explains  that  the  right  crew  reaction  is 
against  the  instinct  of  the  pilot  to 
maintain  the  airspeed.lt  suggest  that  the 
lesson  for  Airline  pilots  is  the  following: 

Fig  19 

1:  avoid  downburst  if  you  can 

2:  if  you  are  caught  in  a  downburst: 

-  pull  up  .pitch  attitude  15* 

-  full  throttle 

-  forget  all  previous  experience! 

All  Authors  agree  on  the  need  to  avoid 
building  up  of  the  rate  of  descent, even  at 
the  cost  of  a  very  low  speed,  close  to 
stall  speed. 

(d)-  Specific  case  of  CTOL/VTOL  and  Heli¬ 
copters  : 

It  is  adressed  in  Paper  (18)  from  SCHRAGE 
PRASAD  GAONKAR,USA:attention  is  driven 
toward  the  scale  of  atmospheric  events 
which  is  usefull  to  consider  for  those  vehi- 
cules  which  can  hover  and  at  least  for  heli¬ 
copters:  the  behaviour  and  performances  of 
their  rotors  can  be  severely  disturbed  by 
air  motion  fields  whic  have  the  same  wave¬ 
length  or  dimensions  as  the  rotors. 

This  is  in  particular  the  case  of’rotating 
frame  turbulence  "(RFT)  which  is  often  pro¬ 
duced  by  relatively  small  obstacles  on  the 
ground  (buildings, hills, cliffs, etc. .. )  in 
the  air  stream  close  to  ground  surface. 

This  "RFT"  could  be  as  important  for  heli¬ 
copters  as  is  the  microburst  for  aircraft. 

Fig  20 

This  graph  illustrates  the  magnification  of 
the  peaks  of  normal  acceleration  due  to 
Rotating  Frame  Turbulence  compared  to 
"Space  Fixed  Turbulence" 

Parametr  L/R  is  the  Length  L  of  the  turbu¬ 
lence  divided  by  the  radius  of  the  rotor  R. 


2.3.  Design  of  aircraft  for  better  behaviour 
in  adverse  weather 

The  papers  presented  adress  mainly  the  beha¬ 
viour  in  adverse  three  -dimension  wind  velo¬ 
city  situations,  and  means  to  improve  safe¬ 
ty  and  passenger  comfort,  reduce  structural 
loads,  make  easier  crew  reactions. 


Fig  21 

Paper  (14)  from  MOBES  and  MOLZOV, Germany 
gives  a  description  of  the  gust  load  alle¬ 
viation  system  implemented  on  the  transport 
aircraft  AIRBUS  A320  implementing  in  its 
system  a  number  of  protections,  of  which  at 
least  two  are  specific  of  the  windshear: 
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the  stall  protection  and  the  "Alpha-  Floor" 
sys* 

Fig  12 

The  ;tall  protection  system  enable  the  pilot 
„»•  pitch  up  the  aircraft  up  to  maximum  lift, 
wit  >ut  any  risk  of  excursions  to  higher 

of  attack :ste:ady  flight  at  this  maxi¬ 
mum  angle  of  attack  is  possible, without 
needing  skillness. 

Thf.  “/.lpha-Floor"system  takes  care  of  pre¬ 
vent  »r.g  high  rate  of  sink  usually  met  at 
high  angles  of  attack  : the  maximum  available 
thr:. :  is  automatically  triggered  when  A.O.* 
exceeds  a  figure  depending  on  the  configurn- 
iion.and  when  the  stick  is  fully  deflected 
al  t . 

Thes"  protections  appear  as  one  of  the 
major  weapons  of  the  pilots  against  strong 
win< -  hears, since  they  enable  them  to  apply 
toe  right  procedure  without  worrying  about 
the  stall  or  high  rate  of  descent  which  may 
enduiger  the  aircraft. 

2, 4  Experimental  programmes  o-'  studies 

F:.g  23 

F  ip.  *■  (16)  from  EOS  RET  an<~  WINP  A,  Germany, 
pre.  ents  the  experimental  PORF  <.ER  28  TFT 
implementing  the  “OLCA"  sys'-e.i  to  in.  jrove 
pa*1  ’-anger  comfort  wnile  .  iy*..  g  th.ot.gh 
guuvi.lt  presents  a  very  .a  »r ana¬ 
lysis  of  frequency  reaoon.-?.  a  rcraft 
structure,  and  human  body. 


SESSION  3  -  VISIBILITY 


3. 2. Subjects  adressed: 

The  objectives  of  this  Session  were  only 
partially  covered  ,with  two  papers  adres* ing 
visibility  measurements  ,  and  one  worthw'lo 
mentioning  ,  Paper  (20)  from  WRIGHT,  US< 

This  paper  points  out  the  real  need  , when 
flying  helicooters  at  uw  altitudes, in 
darkness  or  bad  visibility  ,of  a  proper 
interface  between  man  and  outside  world, 
which  is  still  not  provided.lt  points  out 
that,  in  addition  to  the  usual  sensors 
providing  adequate  vision  of  the  hori¬ 
zon  in  the  direction  of  the  flight 
(flight  vector ), there  is  a  need  of  a  good 
coverage  of  the  field  of  view  below  the  he¬ 
licopter,  not  yet  provided. 

3. 2.  of  this  session  : 

The  following  very  common  factors  produ¬ 
cing  poor  visibility  were  not  covered: 

-  clouds  and  precipitations, rain, 
drizzle, fog  (in  weather  flying) 

-  smoke,  smog  (solid  particles  such  as 
those  above  a  battlefield, or  above  indus¬ 
trial  factories, sometime  mixed  up  with 
clouds  ) 

-  sand  storms  (often  met  in  deserts) 

Nevertheless  these  problems  have  already 
been  studied  in  AGARD  ,  in  particular  it 
was  one  of  the  aims  of  the  Study  Group  that 
I  had  the  great  honor  to  chair  ,AASC  N°19; 


The  title  of  this  study  was"All  wea4  ser 
capability  of  combat  aircraft"  .The  sno¬ 
wing  comments  may  be  extracted  from  ".he 
unclassified  part  of  the  conclusions  of 
this  study: 

(a) -  confirmation  is  given  of  t?  ?  very 
specific  use  of  all  infrared  sensor  systems 
for  dry  air  nights. The  range  reductio  .  in 
weather  is  such  that  it  cannot  be  ser  ously 
envisaged  to  use  them  for  precise  tasks  in 
weather, such  as  take-off  and  landing. 

(b) -  electromagnetic  systems  are  far 
more  promissing : the  key  factor  is  the  wave 
length, compared  to  the  dimensions  of  f>ater 
particles .droplets  or  ice  crystal.lt  i. 
feasible  to  select  the  right  wavelength  for 
cp’-iur.im  transmission  ;best  transmission's 
are  „iven  by  VHF  frequencies  jmillimetr.c 
•jave  radar'-  •Provide  quasi  optical  picture 
definition  wt:.,.a  having  a  range  far  better 
tW  ■»  ;>T'-ent  infra-red  systems, but  still 

i.r>t  >£’  -ant  in  spite  of  the  progress  nade 
in  «...  evincing  power. 

Fo-  navigation  only, when  the  image  of  a 
target  or  obstacle  is  not  required, widel,- 
sod  Air  Traffic  Control  Radar  systems, ope- 
•  .ing  on  longer  wavelength , have  proven 
t  a*r  efficiency  .from  a  long  time  ago. 

New  positioning  systems  of  very  high 
a  :cur<acy ,  such  a'-1  the  NAVSTAS  Global  Posi¬ 
tioning  System, operating  from  a  set  of 
tarth  Satel) xt rs , or  local  radio  electrical 
:.ys,tems  having  the  same  frequency , but  opo- 
r-it.;-  f  or  a  set  of  ground  stations, sucn  as 
Hv  1  I l. iN  ‘  (Thomson, France)  are  very 
pr  >..i  s.ng  to  provide  new  navigation  aids 
u;.ed  -n  all  flic  it  phases, including  take-off 
and  l'tndinj  which  require  the  highest  accu¬ 
racy. 

For  ail  these  electromagnetic  systems 
stealthiness  remains  a  problem. 


session  4. icing 

Icing  research  and  technology 

In  this  session  paper  (22)  from  REINMANN 
SHAW  end  RANAUDO,USA,on  NASA's  programme 
on  Ic'  -.o  Rese  irch  and  Technology  meets  the 
chal 1  age  of  providing  in  22  pages  a  very 
extensive  presentation  of  almost  all  subjects 
related  to  icing. 

Fig  25 

(a)  Physical  mechanism  of  icing: 
this  mechanism  involve  a  number  of  parame¬ 
ters:  airspeed , outside  air  temperature, alti¬ 
tude,  cloud  liquid  water  content  and  concen¬ 
tration, cloud  droplet  size  distribution, 
size  or  scale  of  models  or  aircraft  expo¬ 
sed  to  icing, Mach  and  Reynolds  Numbe-rs,etc. . 

Ice  formed  in  flight  over  the  the  air¬ 
craft  skin  results  from  supercooled  water 
droplets  impacting  the  airframe  surface  at 
the  flight  speed. 

A  number  of  types  of  ice  may  result 
from  variations  of  the  above  parameters, 
mainly  liquid  water  concentration  and 
droplet  size  distribution  in  clouds. 

Adhesion  on  the  skin  depends  on  the  type  of 
icing, and  roghness  of  surf ace. Basic  mecha¬ 
nical  properties  of  ice  accreted  is  (1) 
tensile  (Young’s  module)  (2) Shear  (adhesion) 
(3)  peeling  properties. 


SESSION  5 . ELECTROMAGNETIC  INTERFERENCES 


(b)  Protection  against  icing 
With  the  decrease  of  available  hot  air 
bleed  of  new  fan  engines,  there  is  a  need 
to  develop  new  deicing  systems  using  less 
bleed, or  more  efficiently , or  newer  systems 
relying  on  other  sources  of  energy. 

Fig  26 

New  systems  are  being  developped  based  on 
electrical  capacitor  discharge, using  exter¬ 
nal  boots  on  the  surface  to  protect, such  as 
Electro-Expulsive  Separation  System,  or 
Eddy  Current  Repulsion  Deicing  Boot, or 
installed  inside  the  airframe,  such  as  the 
Electromagnetic  Impulse  Deicer. All  these 
systems  provide  very  short  duration  impulses 
but  high  forces,  and  have  been  foun  to  be 
very  efficient. 

(c)  Computation  of  icing  accretion  ; 
aircraft  performance  degradation: 

Prediction  of  airfoil  aerodynamic  perfor¬ 
mance  degradation  due  to  icing  is  now  made 
possible  with  the  high  capacity  computers 
of  to-day. The  code  of  the  method  used  at 
NASA  LEWIS  is  named  "LEWICE".It  uses  invis- 
cid  flow  equations, and  determines  the  free¬ 
zing  point, by  solving  continuity  and  energy 
equations  in  each  control  volume  of  the  flow. 
Comparisons  with  experience  give  confi¬ 
dence  in  this  code  at  least  for  the  low 
incidences  ;the  Authors  state  that  viscous 
fluid  equations  will  have  to  be  used  for 
better  consistency  with  experiments  at 
higher  angles  of  attack,  close  to  CL  max. 

Fig  27 

(d)  Icing  testing 

The  main  ground  testing  means  mentioned  by 
REINMANN  SHAW  and  RANAUDO  is  the  NASA 
LEWIS  Icing  Research  Wind  Tunnel, which  is 
the  largest  refrigerated  tunnel  in  the  world 
capable  of  testing  big  models  of  aircraft, 
helicopters,  wing  profiles  etc... 

Flight  test  research  is  conducted  at  NASA 
LEWIS  using  a  modified  TWIN  OTTER  imple¬ 
menting  modified  deicing  systems  instead  o'f 
the  basic  ones.WingA  and  gear  struts  are 
used  to  flight  test  ice  accretion  and  new 
deicing  systems 

Associated  measurements  involve  a  number 
of  devices  sucn  as  : 

-  forward  scattering  spectrometer  probe 

-  optical  array  probe 

-  phase  doppler  particle  analyser 
(to  measure  the  dimensions  of  water  par¬ 
ticles)  . 

(e)  New  physical  models: 

Fig  28 

REINMANN  SHAW  and  RANAUDO  made  the  propo¬ 
sal  of  a  new  physical  model  for  ice  accre¬ 
tion,  shown  by  this  figure. 


This  Session  included  three  papers  ,each  of 
them  bringing  complementary  information  to 
the  others. The  followin  items  are  worthwile 
mentioning;  they  are  extracted  from  Paper 
(26)  from  FISHER,  USA 

Fig  29 

Surprisingly .severe  lightning  strikes  can 
be  found  where  one  would  not  expect  them: 

-  Aircraft  lightning  strikes  occur  in 
both  thunderstorm  and  non  thunderstorm  con¬ 
ditions. 

-  The  thunderstorms  regions  with  the 
highest  probability  for  an  aircraft  to  expe 
rience  a  direct  lightning  strike  were  those 
areas  where  the  ambiant  temperature  was 

-  40°Celsius,  where  the  relative  turbulence 
and  precipitation  intensities  were  characte 
rized  as  negligible  to  light. 

-  The  non  -thunderstorm  regions  with 
the  highest  probability  for  an  aircraft  to 
experience  a  direct  lightning  strike  were 
those  areas  where  the  ambient  temperature 
was  between  ilO°C  in  rain,  where  the  rela¬ 
tive  turbulence  intensity  is  characterized 
as  negligible  to  light. 

-  Most  aircraft  lightning  strikes  are 
triggered  by  the  vehicle  itself . Lightning 
strikesin  which  the  aircraft  intercepts 

a  naturally-occurring  lightning  flash  also 
occur , predominantly  at  lower  altitudes. 

-  The  presence  and  location  of  light¬ 
ning  do  not  necessarily  indicate  the  pre¬ 
sence  or  location  of  hazardous  precipita¬ 
tions  and  turbulence. 


During  the  discussion  of  this  session  the 
Special  Regulatory  Conditions  applied  to 
the  A320  .  giving  the  Electromagnetic 
Interference  Model  ,  and  the  Lightning 
model  to  take  into  account  for  Airworthi¬ 
ness  Certification, were  presented  by 
the  Technical  Evaluation  Reporter  as 
very  severe  threats. The  A320  was  demon¬ 
strated  as  not  effected  by -these  threats, 
originated  either  by  "natural"events  , 
such  as  lightning,  or  from  equipments 
made  by  man  (  powerfull  ground  radio 
stations,  radars  ,etc...) 


CONCLUSIONS 


Fig  30 

As  in  previous  meetings  of  this  type  the 
balance  between  adverse  weather  condi¬ 
tions  due  to  windshears , gusts ,  turbulen¬ 
ce  on  one  hand,  and  other  adverse  con¬ 
ditions,  such  as  flying  in  weather,  tended 
to  favor  the  lormer 

-  in  Session  1,  while  a  majority  of 

papers  adresssed  wind  velocity  measurements, 
there  was  very  little  information,  some¬ 
times  no  information  at  all  on  the  follo¬ 
wing  subjects 

-  high  atmosphere  (adressed  by  only 
one  paper) 

-  modelling  effects  of  obstacles 
(large,  such  as  mountain  rifts, small  like 
buildings,  or  installations  on  the  deck  of 
a  carrier  ship) . 

-  sand  storms 

-  in  Session  4  on  icingthe  paper  of  exce¬ 
ptional  quality  given  by  the  Specialists  of 
NASA  LEWIS  is  worthwhile  mentioning : it  co¬ 
vers  almost  the  totallity  of  the  subject. 


in  Session  5  on  Electromagnetic  interfe¬ 
rences  and  lightning  strike  there  were  three 
excellent  and  complementary  papers 

the  other  Sessions  suffered  from  the  unba¬ 
lance  already  mentioned  and  this  is  the  rea¬ 
son  why  ,as  Technical  Evaluation  Reperter  of 
this  Symposium  ,  my  conclusions  .written  in 
AGARD  TER  n*277  was  to  set  up  a  follow  up 
meeting  suggested  as  explained  below: 

a  Multi-Panel  SYmposium, which  would  extend 
the  subject  to  flight  in  hostile/adverse 
environment, for  military  operations.lt  would 
be  a  classified  meeting  .with  high  parti¬ 
cipation  of  military  operators;  three  main 
sessions  were  suggested: 

A-  Adverse  environment 

B-  Operational  problems 

C-  Hostile  environment 

It  is  sincerely  hoped  that  the  F.D.P. 
Symposium  on  the  subject  of  adverse  wea¬ 
ther,  will  help  to  fullfill  the  gaps  left 
by  the  F.M.P  meeting. 
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TABLE  I  -  DIGITAL  FLIGHT  RECORDS  FROM  AIRLINE  ENCOUNTERS  WITH  SEVERE  ATMOSPHERIC 

DISTURBANCES. 


DATE 

AIRCRAFT 

LOCATION 

OPERATION 

DISTURBANCE 

6/75 

Lion 

JFK,  NY 

Go-around 

Microburst 

11/75 

DC10 

Calgary,  Canada 

33,000' 

Clear  air  turbulence 

4/81 

DC10 

Hannibal,  MO 

37,000’ 

Clear  air  turbulence 

7/82 

DC10 

Morton,  WY 

39,000' 

Clear  air  turbulence 

10/83 

DC10 

Near  Bermuda 

37,000' 

Convective  turbulence 

11/83 

L1011 

Offshore  SC 

37,000' 

Clear  air  turbulence 

1/85 

B747 

Over  Greenland 

33.000' 

Clear  air  turbulence 

2/85 

B747 

Over  Greenland 

33,000' 

Clear  air  turbulence 

2/85 

B747SP 

Offshore  CA 

41,000' 

Wind  shear 

8/85 

L1011 

Dallas/Ft.Wonh,  TX 

Landing 

Microburst 

8/85 

MD80 

Dallas/FtAVorth,  TX 

Go-around 

Microburst 

11/85 

B747 

Over  Greenland 

33,000' 

Clear  air  turbulence 

3/86 

B747 

Offshore  Hawaii 

33,000' 

Clear  air  turbulence 

4/86 

DC10 

Jamestown,  NY 

40,000' 

Wind  shear 

7/86 

A300 

West  Palm  Beach,  FL 

20,000' 

Convective  turbulence 

9/87 

L1011 

Ne?-  T 

31,000' 

Convective  turbulence 

11/87 

A310 

Neat  i.u.mida 

33,000' 

Convective  turbulence 

1/88 

B767 

Chi'  to  IL 

25,000' 

Convective  turbulence 

3/88 

B767 

C.  >a  NM 

33,000' 

Clear  air  turbulence 

FROM  PAPER  3  WINGROVE  BACH  SCHUt.TS  .  USA 
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(b)  LOW-LEVEL  MICROBURST 

Figure  1.  Two  types  of  severe  atmospheric  disturbances. 


FROM  PAPER  3  WINGROVE  BACH  SCHULTZ  -  USA 
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FROM  PAPER  12  HcPHERSON  ISAAC  .  CA 


FIG.  Is  NAE  TWIN  OTTER  ATMOSPHERIC  RESEARCH  AIRCRAFT  AS 
INSTRUMENTED  FOR  CLOUD  PHYSICS  MEASUREMENTS 


FIG.  3:  THE  CASP  OPERATIONAL  AREA 


FROH  PAPER  12  HcPHERSON  ISAAC  .  CA 


OPERATIONS  IN  ADVERSE  WEATHER 
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PROM  PAPER  7  SHAENZER  .  GE 


Fig.  21  :  Flight  simulator  approach  In  wind  shear 
conditions,  less  experienced  airline  pilot 
16 

spots* 

•fOtpetk* 

-SSr  .  ,  AUDIO  AND  VISUAL  WARNING 

aerospatiale— - . -  - ^ - --.division  avions 

GROUND  TEST  1  or  2  FAC  ENGAGED 
Engine  not  running,  perform  Lamp  test 


Windshear 
Windshear 
~~  Windshear 


FROM  PAPER  9  BONAFE  .  F 


Windshear  encounter  non  clean  config. 

and  (from  take  off  to  10Q0  Ft  or  from  1000  Ft  co  50  Ft) 
and  WSW  available  1  or  2  FAC  ENGAGED , 

Aural  : Windshear  3  times  when  WSW  gets  on  either  FAC  1  or  2. 

Visual  : Windshear  red  on  both  PFD  when  WSW  gets  on  either  FAC  1  or 
2  until  WSW  condition  gets  off  both  FAC  1  id  2  plus  15  s. 
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Figure  9.  Wind  vectors  at  the  Dallas/Fi.  Worth  Airport,  August 
1985,  reconstructed  from  flight  records  of  two  aircraft. 
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-  ACTUAL 


Figure  10.  Multiple- vortex-ring  model  of  the  DFW  microburst. 
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Functional  Diagram  of  the  Gust  Alleviation  System  OLGA 
FROM  PAPER  16  BOERET  WINTER  .  GE 


AGARD  AASC  n°19  "All  Weather 
capability  of  combat  aircraft" 


O  infra  red  systems  only  for  dry  air  nights 
very  reduced  range  in  weather 

O  electromagnetic  sensors  more  promising: 

-  1-  r  factor  wavelength  compared  to 
diameter  of  water  droplets  or  cristal 

-  millimetric  wave  radars  better  but 
power  must  increase  to  get  adequate 
range 

-  VHF  frequencies  satisfactory  for 
navigation  only  (  picture  of  target  not 
possible  ) 

O  navigation  systems  :  ATC  radars  ,  or 
Global  Positioning  System  (NAVSTAR) 
or  similar  systems  as  the  GPS  using 
groung  station  (for  limited  coverage) 


CALCULATED 
LWC  =  1.02  gn/M3 


COMPARISON 


MVD  =  12  (JH 


52  m/sec 


EXPERIMENTAL 
=  -26 


LWC  =  1.20  gn/M 


CALCULATED 

■A  nw/u3 


COMPARISON 


EXPERIMENTAL 


MVD  =  20  MM 


=  89  M/SEC 


FIGURE  10.  -  COMPARISON  OF  ICE  SHAPE  PREDICTIONS  WITH  AIRFOIL  ICING  DATA. 
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(B)  FREEZING  OCCURRING. 

FIGURE  15.  -  PROPOSED  ^PHYSICAL  MODEL  FOR  ICING  PROCESS. 

FROM  PAPER  22  REINKANN  SHAW  RANAUDO  .  USA 
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Fig  4  -  THUNDERSTORM  PENETRATIONS  AND  LIGHTNING  STATISTICS 

AS  A  FUNCTION  OF  PRESSURE  ALTITUDE  FOR  NASA  STORM 
HAZARDS  1900-  1986  FROM  PAPER  26  FISHER  .  USA 


EFFECT  OF  EXTERNAL  RADIATIONS  ON  AIRCRAFT 
SYSTEMS 


(extracted  from  the  J.A.A.  Requirements  applied  to 
the  A320  ) 


The  external  threat  frequency  bands  and  corresponding 
average  end  peak  levels  that  shall  be  used  to  establish 
the  internal  threat  levels  are  defined  as  follows 
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Frequency  range 

Mean 

level 

Peak 

level 

volt 

/meter 

kilovolt 

/meter 

10  kiloHertz-6MegaHertz 

100 

6  MegaHertz-30MegaHertz 

200 

30MegaHertz-200MegaHertz 

50 

200  to  400MegaHertz 

50 

400MegaHertz-lGigaHertz 

400 

6 

1  to  3  GigaHertz 

200 

6 

3  to  8  GigaHertz 

400 

6 

8  to  30  GigaHertz 

600 

6 
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THE  EFFECT  OF  WING  ICE  CONTAMINATION  ON  ESSENTIAL  FLIGHT  CHARACTERISTICS 

by 

R.  E.  Brumby 

Deputy  Chief  Design  Engineer 
MD-80/DC-9  Program 
Douglas  Aircraft  Company 
3855  Lakewood  Boulevard 
Long  Beach,  California  90846,  USA 


SUMMARY 

Contamination  of  critical  aerodynamic  surfaces  by  ice, 
frost,  and/or  snow  has  been  identified  as  the  probable  cause  of  a 
significant  number  of  aircraft  accidents.  In  most  cases,  the  ice 
contamination  has  not  been  large  ice  accretions  on  the  leading 
edges  or  thick  layers  of  adhering  snow  on  the  top  of  the  wings. 
Rather,  dangerous  reductions  in  stall  margins  and  handling  quali¬ 
ties  can  occur  because  of  ice-related  roughness  equivalent  to  that 
of  medium-grit  sandpaper.  Tnis  paper  describes  typical  effects  of 
such  roughness  on  lift,  drag,  and  pitching  moment,  and  the  corre¬ 
sponding  effects  on  longitudinal  and  lateral  control  characteris¬ 
tics  during  rotation  ana  liftoff.  Of  great  importance  is  that  the 
visual,  aural,  and  tactile  clues  signaling  a  developing  critical  situ¬ 
ation  occur  within  a  very  few  seconds,  and  usually  do  no!  corre¬ 
spond  to  any  for  which  a  (light  crew  has  been  trained  or  has  pre¬ 
viously  experienced. 


DISCUSSION 

In  recent  years,  a  number  of  weather-related  accidents  has 
stimulated  a  renewed  interest  in  the  effects  of  adverse  weather  on 
aerodynamics.  Among  these  effects  is  the  contamination  of  aero¬ 
dynamic  surfaces  by  ice,  frost,  and/or  snow.  While  such  contami¬ 
nation  can  adversely  affect  most  basic  aerodynamic  parameters, 
this  presentation  focuses  primarily  on  the  overall  degradation  of 
essential  flight  characteristics  during  the  takeoff  of  an  airplane 
that  has  an  ice-contaminated  wing. 

Most  regulations  typically  prohibit  takeoff  with  ice  on  the 
critical  surfaces  of  the  aircraft  (Table  1).  For  various  reasons, 
however,  (light  crews  will  initiate  a  takeoff  with  some  form  of 
ice  contamination  on  the  wings  and  control  surfaces.  The  result 
can  range  from  little  or  no  significant  control  problems  to  total 
disaster. 

A  somewhat  in-between  case  is  shown  in  Figure  I.  This  air¬ 
plane  made  a  normal  approach  into  Sioux  City,  Iowa,  in  1968. 

Mild  icing  was  encountered  during  the  approach,  but  the  flight 
crew  elected  not  to  turn  on  the  airfoil  ice  protection.  During  the 
turnaround,  a  light  freezing  drizzle  was  falling.  The  flight  crew 

Table  1 

Federal  Air  Regulations  Applicable  to  Ice,  Frost,  or  Snow 
Accumulations  Prior  to  Takeoff 

PART  *1  -  GEN'RAL  OPERATING  AhD  FLIGHT  RULES 

§»1  V*  OPERATING  W  IC5.MO  CONDITIONS 

(a)  NO  PILOT  MAY  TAKE  CFT  AN  AIRPLANE  THAT  MAS* 

(1)  FROST.  SNOW.  OR  ICC  AOHER'NG  TO  ANY  PROPELLER.  WINDSHIELD.  OR 

POWER  PLANT  INSTALLATION,  OR  TO  AN  AIRSPEED.  ALTIMETER.  RATE  OF  CUMB. 

OR  FLIGHT  ATTITUDE  INSTRUMENT  SYSTEM; 

(?)  SNOW  OR  iCr  ADHERING  TO  THE  WHIGS.  OR  STABILIZING  OR  CONTROL  SURFACES,  OB 

(l)  ANY  FROST  ADHERING  TO  THE  WINGS.  OR  STABILIZING  OR  CONTROL  SURFACES, 

UNLESS  THAT  FROST  HAS  CEEN  POUSHEO  TO  MAKE  IT  SMOOTH 

PART  1?t  -  CERTIFICATION  AND  OPtfHT'ONS 

5U>:  6»  OPERATION  IN  ICING  CONDITIONS 

{•)  NO  PERSON  MAY  DISPATCH  OR  RELEASE  AN  AIRCRAFT,  CONTINUE  TO  OPERATE 
AN  A’RCRAFT  EN  ROUTE.  OR  LAND  AN  AIRCRAFT  L/HEN  IN  THE  OPINION  OF  THE  ’ 

PILOT  (N  COMMAND  OR  AIRCRAFT  DISPATCHER  (DOMESTIC  AND  FUG  AIR  CARRIERS  ONLY) 
ICW<(  CONDITIONS  ARE  FXPECTEO  OR  MET  THAT  MIGHT  ADVERSELY  AFFECT  THE 
SAFETY  QF  THE  FLIGHT 

(b)  NO  PERSON  MAY  TAKE  OFF  AM  AIRCRAFT  WHEN  FROST^KOW,  OR  ICE  IS  ADHERING 
TO  TKC  WINGS.  CONTROL  SURFACES,  OR  PROPELLERS  OFTK2  AIRCRAFT 


Figure  1.  There  Is  No  Such  Thing  as  “A  Little  Ice” 


was  advised  by  ground  maintenance  personnel  that  there  was  ice 
on  the  wing  and  asked  if  the  airplane  should  be  de-iced.  The 
flight  crew  declined  the  offer  and  proceeded  with  the  takeoff.  As 
the  landing  gear  began  to  retract,  the  aircraft  rolled  violently  to 
the  right.  Rudder  and  aileron  application  brought  the  right  wing 
up;  however,  the  roll  continued  to  the  left  until  the  left  wing  con¬ 
tacted  the  runway.  The  captain  succeeded  in  leveling  the  aircraft 
before  it  hit  the  ground  about  1 10  feet  beyond  the  end  of  the  run¬ 
way  and  skidded  into  a  grove  of  trees  where  it  came  to  rest,  as 
shown  in  the  figure. 

Table  2  lists  a  number  of  icing-related  accidents.  While  it  is 
by  no  means  inclusive,  it  does  illustrate  that  ice  contamination  is 
quite  democratic,  adversely  affecting  straight-wing  aircraft  such 
as  the  Nord  262  and  numerous  general  aviation  aircraft;  small 
turbojet  aircraft  with  conventional  airfoils  such  as  the  Learjct; 
larger  aircraft  with  conventional  airfoils  such  as  the  F-28, 

DC-9- 10,  and  DC-8;  and  aircraft  with  leading  edge  high-lift 
devices  such  as  the  737. 

The  most  predominant  adverse  effect  of  ice  contamination 
is  on  the  lifting  characteristics  of  the  wing.  It  may  be  recalled 
that  wing  lift  coefficient  varies  with  angle  of  attack,  as  shown  in 
Figure  2.  Under  normal  conditions,  the  airflow  over  a  wing 
smoothly  follows  the  shape  of  the  wing,  as  shown  in  the  lower 
photograph,  and  lift  varies  directly  with  the  angle  of  attack.  At 
some  fairly  high  angle  of  attack,  the  airflow  begins  separating 
from  the  wing,  causing  the  lift  curve  to  become  nonlinear,  or 
‘’break."  When  the  airflow  is  essentially  fully  separated,  as 
shown  in  the  upper  photograph,  the  wing  is  considered  fully 
stalled.  Between  the  point  where  the  airflow  begins  separating 
and  full  stall  is  a  region  often  called  “stall  onset,”  where  flight 
characteristics  become  increasingly  degraded  as  the  angle  of 
attack  increases. 

The  normal  variation  of  lift  with  angle  of  attack  can  be  sig¬ 
nificantly  altered  by  ice  contamination.  As  shown  in  Figure  3a, 
the  typical  effect  is  to  alter  the  variation  of  lift  with  angle  of 
attack,  reduce  the  maximum  lift  capability  of  the  wing,  and  cause 
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Table  2 

Some  Takeoff  Accidents  Where  Wing  Ice  Contamination  Is  Considered  to  Be  a  Contributing  Factor 


DATE 

AtRUNE 

LOCATION 

ACFT  TYPE 

PRECIPITATION/OBSERVATIONS 

57  OEC  68 

OZARK 

SIOUX  CITY 

OC-9-10 

UGHT  FREEZING  DRIZZLE 

26  JAN  74 

THY 

CUMAOVAS. 

TURKEY 

F28 

PROBABLE  CAUSE  FROST  ACCRETION  ON 

THE  WINGS 

03  JAN  77 

J.U 

ANCHORAGE 

DC-8-62 

FOG 

04  JAN  77 

FRANKFURT 

737 

UGHT  SNOW/2  5-DEGREE  WHEEL  REQD  AFTER 

UFTOFF.  RIME  ICE  OBSERVED  ON  WING 

57  NOV  78 

TWA 

NEWARK 

DC-9- 10 

BLOWING  RAIN  AND  SNOW 

20  OEC  78 

N40SN 

MINNEAPOLIS 

LEARJET 

PROBABLE  CAUSE:  SNOW  ANO  ICE  ON  WINGS 

10  JAN  79 

N73161 

DETROrt 

LEARJET 

PR08ABLE  CAUSE:  PREMATURE  STALL  CAUSED 

BY  ACCUMULATION  OF  WING  ICE 

12  FEB  79 

ALLEGHENY 

CLARKSBURG 

NORD  262 

UGHT  SNOW  •  FROZEN  SNOW  PHOTOGRAPHED 

ON  EMPENNAGE  AFTER  ACCIDENT 

18  FEB  80 

REOCOTE 

BOSTON 

BRISTOL  253 

UGHT  SNOW 

13  JAN  82 

AIR  FLORIDA 

WASH  DC. 

737 

MOOERATE'TO-HEAVY  SNOWFALL 

05  FEB  85 

AIRBORNE 

PHILADELPHIA 

DC-9-10 

UGHT  FREEZING  RAIN.  ICE  AND  SNOW 

PELLETS,  FOG 

12  DEC  85 

ARROW  AIR 

GANDER 

DC4-63 

UGHT  FREEZING  DRIZZLE,  SNOW  GRAINS 

15  NOV  87 

CONTINENTAL 

DENVER 

OC-9-10 

MODERATE  SNOW,  FOG 

18  JAN  88 

N2614U 

NEW  MEXICO 

CESSNA  402 

PROBABLE  CAUSE:  1CE/FROST  REMOVAL  INADEQUATE 

06  FEB  80 

N2832J 

CALIFORNIA 

CESSNA  A188B 

PROBABLE  CAUSE:  ICE/FROST  REMOVAL  INADEQUATE 

23  OEC  88 

NSS70N 

MONTANA 

PIPER  PA- 11 

PROBABLE  CAUSE:  WING  ICE 

10  MAR  89 

AIR  ONTARIO 

DRYDEN 

F28 

HEAVY  SNOW 

25  NOV  89 

KOREAN  AIR 

KIMPO 

F2* 

DENSE  FOG.  ICE  ON  THE  WING 

ANGLE  OF  ATTACK  -  a 


Figure  2.  Airflow  Over  an  Airfoil  and  Its  Effect  on  Lift 

the  wing  to  stall  at  a  lower  than  normal  angle  of  attack.  As  will 
be  shown  shortly,  these  effects  can  be  quite  large. 

Wing  ice  contamination  can  also  significantly  affect  the  air¬ 
plane  drag  as  shown,  again  typically,  in  Figure  3b.  The  effects  on 
drag  can  be  large  enough  that  the  difference  between  available 
thrust  and  drag  can  adversely  affect  the  airplane’s  climb  capa¬ 
bility.  This  not  only  would  make  it  difficult  for  the  airplane  to 
clear  obstacles  by  the  required  distances,  it  could  possibly  result 
in  the  airplane’s  inability  to  climb  at  all  if  an  engine  fails  during 
takeoff. 

Figure  4  depicts  a  typical  total  airplane  pitching  moment 
curve.  For  an  aiiplane  trimmed  for  takeoff,  the  stabilizer  is  set  to 
balance  the  moments  due  to  both  aerodynamic  forces  and  center 
of  gravity  location  so  that  the  stick  force  at  climb-out  speed 
ranges  from  none  to  a  slight  pull.  This  balance  is  upset  by  wing 
ice  contamination,  particularly  on  contemporary  aircraft  with 
tapered,  swept  wings.  With  contamination  on  the  wings,  the  air¬ 
craft  will  increasingly  behave  as  if  it  was  mistrimmed  in  the 


ANGLE  OF  ATTACK  ~  a 

Figure  4.  Effect  of  Wing  Ice  Contamination  on  Pitching 
Moment 

airplane  nose-up  direction  as  the  angle  of  attack  is  increased. 

This  will  result  in  the  aircraft’s  pitching  up  more  rapidly  than 
normal  during  the  takeoff  rotation,  and  will  require  an  abnormal 
push  force  to  maintain  the  desired  airspeed  during  climb.  As  with 
other  effects,  this  pitch-up  tendency  becomes  more  pronounced 
as  the  amount  of  ice  contamination  increases. 

During  a  normal  takeoff,  the  aircraft  speed  schedules  are 
established  for  angles  of  attack  below  that  for  stall  onset  or  acti¬ 
vation  of  stall-warning  devices  dependent  on  angle  of  attack, 
such  as  a  stick  shaker  (Figure  5a).  However,  for  an  airplane  with 
ice  contamination,  not  only  does  stall  onset  occur  at  a  lower  than 
normal  angle  of  attack,  the  airplane  angle  of  attack  must  be 
increased  in  order  to  produce  the  required  lift  at  normally  sched¬ 
uled  speeds  (Figure  5b).  This  compounding  effect  rapidly  results 
in  the  aircraft’s  operating  into  the  “stall  onset”  part  of  the  lift 
curve  (described  earlier),  and  the  increasingly  unsteady  airflow 
over  the  wing  results  in  correspondingly  degraded  lateral  stabil¬ 
ity,  requiring  larger  and  larger  control  wheel  inputs  to  keep  the 
aircraft  from  rolling  off.  As  the  amount  of  contamination 
increases,  the  airplane  becomes  increasingly  unstable,  eventually 
stalling  without  stick  shaker  activation  at  speeds  normally  sched¬ 
uled  for  takeoff  (Figure  5c). 


a.  LIFT  COEFFICIENT 


b.  DRAG  COEFFICIENT 


ANGLE  OF  ATTACK  DEG 


DRAG  COEFFICIENT^ 


Figure  3.  Effect  of  Wing  Ice  Contamination  on  Lift  and  Drag  Coefficients 
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Figure  5.  Effect  of  Wing  Ice  Contamination  on  Lateral 
Control  Characteristics 


Figure  6  shows  an  empirical  correlation  of  lift  loss  due  to 
wing  surface  roughness,  including  ice  contamination.  It  is  inter¬ 
esting  to  note  that  this  simple  correlation  encompasses  data  rep¬ 
resenting  a  Reynolds  Number  range  from  6x  10s  up  to  29x1 06 
and  airfoil  shapes  ranging  from  simple  symmetrical  sections  to 
those  representative  of  second-generation  turbojet  aircraft  (see 
Table  3). 


accretions  on  the  leading  edge,  slat  extension  will  no  longer 
recover  the  lift  losses. 

The  upper  line  in  Figure  6  shows  the  lift  loss  due  to  rough¬ 
ness  on  the  entire  upper  surface  of  the  wing,  such  as  might  be 
caused  by  frost,  snow,  or  freezing  drizzle  while  the  aircraft  is  on 
(he  ground.  Of  particular  note  is  the  very  large  degradation  for 
even  the  smaller  amounts  of  contamination.  Also  of  interest  are 
the  relatively  recent  data  developed  by  Boeing  during  flight  test¬ 
ing  of  second-  and  third-generation  transport  aircraft  with  slats 
extended.  These  data  suggest  that  with  essentially  the  entire  wing 
upper  surface  covered  with  even  small  amounts  of  contamina¬ 
tion,  slat  extension  provides  little  or  no  recovery  of  lift  losses. 

Although  Figure  6  shows  a  significant  difference  in  lift  loss 
between  a  narrow  band  of  roughness  at  the  leading  edge  and 
roughness  over  the  entire  upper  surface,  it  is  worthy  to  note  that 
recent  unpublished  data  for  slight  roughness  extending  aftward 
from  the  leading  edge  to  about  7-percent  chord  on  both  the  upper 
and  lower  surfaces  (as  might  occur  during  a  mild  icing  encoun¬ 
ter)  can  cause  lift  losses  similar  to  those  caused  by  a  fully  rough¬ 
ened  upper  surface. 


Figure  6.  Correlation  of  the  Effect  of  Wing  Surface 
Roughness  on  Maximum  Lift  Coefficient 


The  lower  line  in  Figure  6  shows  the  lift  loss  due  to  a  local¬ 
ized  strip  or  narrow  band  of  contamination  on  the  leading  edge. 
Much  of  the  data  for  the  lesser  amounts  of  contamination  have 
been  obtained  from  maintenance  or  flight  training  experience 
where  some  form  of  contamination  such  as  insect  debris,  chipped 
paint,  or  burred  rivets  caused  premature  stall  when  the  slats  were 
retracted,  but  caused  little  or  no  noticeable  effect  when  the  slats 
were  extended.  Wind  tunnel  data  indicate  that  as  the  contamina¬ 
tion  on  the  leading  edge  becomes  larger,  such  as  for  in-flight  ice 


Table  3 

References  for  Figure  6 


REFERENCES 

$YM 

REYNOLDS 

NO 

TYPE  or  ROUGHNESS 

REFERENCE 

• 

26  x  10* 

SAND  GRAIN  BAND 

•'THEORY  OF  WING  SECTIONS" (ABBOT) 

□ 

31  x  10‘ 

PROTRUDING  STRIP 

NACATR446 

♦ 

31  x  to* 

MULTIPLE  GROOVES 

NACA  TN457 

▲ 

31  x  10* 

CARBORUNDUM  GRIT 

NACA  TN4S7 

k 

5  x  10* 

63  x  10* 

SAND  GRAINS 

"AEROOYNAMSCH  E  PROFILE"  [SIEGELS] 

► 

WIRE  MESH  ON  SURFACE 

NACA  TM375 

<t 

3  1  x  10* 

FWD  FACING  STEP 

NACATN457 

0 

31  x  10* 

PROTRUDING  STRIP 

NACA  TR44B 

0 

3  1  x  10* 

PROTRUDING  STRIP 

NACATR446 

0 

3  1  x  I0‘ 

PROTRUDING  STRIP 

NACA  TR44S 

* 

36  x  !0‘ 

CARBORUNDUM  GRIT 

NACATN4S7 

r 

— 

FROST  (IN  ICING  TUNNEL) 

NACA  TN2962 

4 

24  x  10* 

INSECT  CONTAMINATION 

FLIGHT  TRAINING  INCIDENT  (DC-9) 

0 

4$  X  10* 

SIMULATED  TAILPLANE  ICE 

DC-9’ 

& 

55  x  10* 

SIMULATEOTAILPLANEICE 

DC-10 

V 

7  8x10* 

SIMULATED  DEICER  BOOT’ 

C-133 

m 

70  x  10* 

CARBORUNDUM  GRIT 

RAM  1703 

* 

2*  X  SO 

CHIPPED  PAINT  ON  LE.* 

DC-9 

♦ 

29  x  10* 

BALLOTINI 

NPLAR1308 

r 

24  x  10* 

8URREO  RIVETS  ON  LE. 

DC-9 

♦ 

•32  x  10* 

SIMULATED  FROST 

FFARPTAU902 

O 

1 8  x  to' 

SIMULATED  WING  ICE 

FFA  RPT  AU-995 

%. 

— 

SIMULATED  ICE  ROUGHNESS 

ICAO  GUL  OCT  77 

< 

-24  x  10* 

SlMULATEO  FROST 

(P737)  BOEING  AIRLINER.  OCT  »3  (FROST  8) 

SIMULATED  FROST 

(737)  VKI  LECTURE  (FROST  2) 

r' 

SIMULATED  FROST 

(757)  VKI  LECTURE  (FROST  2) 

SIMULATED  FROST 

(757)  VKI  LECTURE  (FROST  2) 

OC-9  WIND  TUNNEL 

TEST  LB-155AN 

NOTE:  737  AND  7fl7  WITH  MID  SLATS 

Figure  7  expands  the  data  from  Figure  6  into  an  operational¬ 
ly  meaningful  percent  increase  in  stall  speed.  From  this  figure, 
the  importance  of  maintaining  the  “clean  wing”  philosophy 
begins  to  show,  because  it  becomes  readily  apparent  that  it  takes 
only  a  relatively  small  amount  of  roughness  on  the  wing  upper 
surfaces  to  cause  large  increases  in  stall  speeds  even  with  slats 
extended.  Further  expanding  the  data  to  compare  the  measure  of 
roughness  (K/C)  with  various  grades  of  abrasive  paper,  an  esti¬ 
mate  can  be  made  (Figure  8)  of  the  stall  speed  increase  that 
would  occur  on  an  aircraft  about  the  size  of  a  DC-9, 737,  or 
BAC- 1 1 1  if  the  wing  upper  surface  was  contaminated  by  ice 
having  the  roughness  of  various  grades  of  abrasive  paper.  Those 
familiar  with  the  icing  roughness  that  can  occur  during  a  freezing 
drizzle  or  when  snow  has  partially  melted  and  then  refrozen  to  a 
surface  will  probably  agree  that  this  range  of  roughness  is  not  at 
all  unusual  under  such  conditions.  With  the  stall  speed  increases 
shown  in  Figure  8,  stall  warning  margins  and  margins  to  stall 
decrease  markedly  or  disappear  altogether. 


ROUGHNESS  ELEMENT  HEIGHT/WING  CHORD  (K/C) 


Figure  7.  Approximate  Effect  of  Wing  Ice  Contamination 
on  Airplane  Stall  Speed 


Figure  8.  Approximate  Effect  of  Wing  Upper  Surface  Ice 
Contamination  on  the  Stall  Speed  of  a  Typical 
Small  Turbojet  Transport 
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As  noted  earlier,  the  increases  in  stall  speed  also  occur  at 
much  lower  than  normal  angles  of  attack  (Figure  9).  This  can 
have  at  least  two  adverse  effects.  First,  many  contemporary  stall 
warning  systems  are  actuated  at  prescheduled  angles  of  attack.  If 
wing  ice  contamination  causes  a  stall  before  this  prescheduled 
angle  is  reached,  the  flight  crew  will  receive  no  warning  of 
impending  stall.  Second,  the  reduced  stall  angle  of  attack  com¬ 
pounds  the  problem  of  the  tendency  of  an  ice-contaminated 
airplane  to  pitch  up  during  rotation,  increasing  the  risk  of  over¬ 
shooting  the  stall  angle  shortly  after  liftoff. 


REDUCTION  OF  6 
STALL  ANGLE 
A«  C. 

lMAX 

(DEGREES)  4 


PERCENT  REDUCTION  OF  MAXIMUM  LIFT  COEF  ~  AC ,  (PERCENT) 

LMAX 

Figure  9.  Reduction  of  the  Angle  of  Attack  at  Stall  Due  to 
Wing  Surface  Roughness 

The  overall  effects  of  wing  ice  contamination  on  various 
flight  characteristics  of  an  aircraft  during  takeoff  are  summarized 
in  Figure  10.  In  this  figure,  stick  force  is  the  amount  of  push  or 
pull  on  the  control  column  reomred  to  manage  the  pitch  attitude 
of  the  aircraft.  Pitch  attitude  is  the  angle  of  the  airplane  with 
respect  to  a  horizontal  reference  plane;  angle  of  attack  is  the 
angle  of  the  airplane  with  respect  to  its  flight  path;  and  wheel 
angle  is  the  rotation  of  the  control  wheel  required  to  manage  the 
bank,  or  roll  attitude,  of  the  aitplane. 


The  scenario  changes  for  an  ice-contaminated  airplane.  Part 
way  through  the  takeoff  rotation,  the  aircraft  begins  pitching  up 
at  a  faster  than  normal  rate,  as  shown  by  the  dashed  line  in  Fig¬ 
ure  10,  If  the  flight  crew  is  familiar  enough  with  the  airplane’s 
normal  characteristics,  it  might  recognize  the  abnormal  rate  of 
rotation  and  counter  it  with  an  immediate  forward  push  on  the 
control  column.  If  done  in  sufficient  time,  there  should  be  little 
pitch  attitude  and  angle  of  attack  overshoot  into  the  stall  onset 
region,  and  any  roll  perturbations  will  probably  be  controllable 
with  prompt  wheel  input.  If  the  angle-of-attack  overshoot  is  suc¬ 
cessfully  transitioned,  forward  pressure  will  likely  be  required  to 
maintain  the  target  climb  speed  until  the  stick  force  is  trimmed 
out.  Failure  to  recognize  any  abnormal  increases  in  the  rotation 
rate  at,  or  immediately  following,  liftoff  can  result  in  significant 
angle-of-attack  overshoot,  accompanied  by  abrupt  roll  excur¬ 
sions  and  aerodynamic  stall  close  to  the  ground. 


Of  great  importance  is  the  time  span  in  which  the  adverse 
handling  characteristics  are  manifested.  Typical  certified  takeoff 
performance  is  based  on  a  rotation  rate  of  about  3  degrees  per 
second  (liftoff  normally  occurs  at  about  7  to  9  degrees  pitch  atti¬ 
tude).  It  is  in  the  vicinity  of  liftoff  attitude  that  the  abnormal 
pitch-up  due  to  ice  contamination  begins  to  become  increasingly 
apparent  and,  since  the  airplane’s  angle  of  attack  is  increasing  at 
much  higher  rates  than  in  any  other  part  of  the  normal  flight 
envelope,  the  airplane  can  reach  stall  onset  angles  a  very  few 
seconds  after  liftoff,  with  full  stall  occurring  only  a  second  or 
two  after  that.  Thus,  the  flight  crew  of  an  ice-contaminated  air¬ 
plane  is  placed  in  a  situation  where  the  visual,  aural,  and  tactile 
clues  of  a  developing  critical  situation  occur  within  a  very  few 
seconds.  Since  this  does  not  correspond  to  any  situation  for 
which  they  have  been  trained  or  may  have  previously  experi¬ 
enced,  attempting  takeoff  of  an  ice-contaminated  aitcraft  can 
result  in  an  unacceptable  safety  hazard. 


For  an  uncontaminated  airplane,  the  stick  force  to  rotate  and 
acquire  the  target  climb  speed  are  typically  as  shown  by  the  solid 
line.  The  pitch  attitude  and  angle  of  attack  increase  to  their  nor¬ 
mal  values,  and  there  are  no  abnormal  control  wheel 
requirements  except  those  caused  by  outside  influences  such  as 
crosswinds  orgusting. 


CONCLUSION 

From  an  aerodynamic  viewpoint,  there  is  no  such  thing  as 
"a  little  ice.”  Strict  attention  should  be  focused  on  ensuring  that 
critical  aircraft  surfaces  are  free  of  ice  contamination  at  the  initi¬ 
ation  of  takeoff. 
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Figure  10.  Effect  of  Wing  Ice  Contamination  on  Longitudinal  Control  Characteristics 
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1.  Introduction. 

The  Propulsion  and  energetics  panel 
held  its  symposium  on  "Low  Temperature..." 
in  the  week  from  8  to  12  October  1990. 

A  total  of  33  conferences  were 
presented  on  different  problems  relating  to 
low  temperature.  I  will  not  mention  all  the 
papers  in  this  PEP  symposium,  but  I  shall 
try  to  summarize  and  link  together  the 
subjects  and  results  which  can  be  of 
interest  to  the  aerodynamists,  to  whom  I 
have  the  honour  of  speaking  today.  I  thank 
the  FDP  chairman  for  inviting  me  and  hope 
to  draw  your  attention  to  the  work-  of  the 
PEP  people  without  betraying  the  authors. 

At  the  end  of  this  paper  one  can  find  the 
contents  and  the  numbering  of  the  papers 
presented  at  the  PEP  meeting.  In  this  text 
I  refer  to  these  numbers. 


2.  Operational  experience  on  icing. 

The  first  problem  that  worries  the 
engine  engineer  is  closely  related  to  your 
meeting:  the  ice  build  up  on  parts  of  the 
engine  and  air  intake.  This  ice  modifies 
the  flow  in  front  of  the  compressor  and  the 
airflow  through  the  blade  passages  and  can 
induce  the  stall  and  surge  of  the 
compressor.  Ice  pieces  can  detach  in  the 
front  of  the  engine,  be  ingested  and 
destroy  or  modify  the  blades  shape.  This 
can  lead  to  unacceptable  imbalance  and  to 
efficiency  losses.  In  case  of  ingestion  of 
snow  paquet,  a  flame  out  can  occur.  As  put 
by  the  first  speaker.  Colonel  Summerton 
(1),  in  his  speech  on  the  experience  of  the 
LYNX  helicopter  in  Norway,  a  normal  size 
snowball  is  capable  of  flaming  out  a  GEM 
engine,  a  15cc  lump  of  ice  can  cause 
serious  damage  to  the  low  pressure 
compressor. 

Hr  Meijn  of  FOKKER  AIRCRAFT  (5) 
explained  the  experience  with  a  turboprop 
in  the  2000  hp  class.  He  stressed  the  fact 
that  several  so-called  flame-out  incidents 
occurred  in  service  during  winter  periods 
although  the  engine  was  qualified  in  the 
icing  conditions  prescribed  by  FAR  and  JAR. 
Extensive  ground  testing  of  the  engine 
indicated  less  tolerance  to  ice  ingestion 
than  had  been  demonstrated  in  engine 
certification  tests.  Using  commercially 
available- miniature  videosystems  (fig.  1) 
mounted  in  the  air  intake  duct,  it  was 
possible  to  observe  some  ice  accretion  on  a 
seal  cavity  until  aerodynamic  forces 
prevailed  over  the  adhesive  forces  between 
ice  and  duct  wall,  resulting  in  a  periodic 
shedding.  This  would  lead  to  a  flame  out. 
This  ice  accretion  was  formed  mainly  in  wet 
snow  conditions  with  OAT»  -7*  to  -2®C  and 


mean  altitudes  above  10000  ft.  In  these 
conditions  no  or  little  ice  was  collected 
on  windshield  wipers,  wing  leading  edges 
and  air  intake  lip.  An  engine  air  intake 
having  an  internal  bifurcation  or  any  other 
stagnation  area  may  be  prone  to  ice 
accumulation  in  wet  snow  conditions.  These 
are  generally  not  identified  by  the  flight 
crew  in  the  absence  of  external  ice 
accretion. 

Another  example  of  this  ice  build  up 
inside  the  air  intake  was  given  by  REARDON 
of  the  Naval  Air  Propulsion  Center  (28). 

The  F14  Aircraft  engine  experienced  foreign 
object  damage  from  ice  ingestion  which 
occurred  during  the  carrier's  landing  and 
arrestment  when  ice  was  shed  due  to  the 
shocks.  The  engine  inlet  duct  is  shown  in 
figure  2.  The  compression  ramp  boundary 
layer  is  bled  through  a  throat  bleed  slot 
and  dumped  overboard  through  the 
bleed/bypass  door.  Ice  accumulated  on  the 
leading  edge  of  the  .third  ramp  when  ramp  1 
and  2  were  stowed  as  they  were  in  low  Mach 
conditions,  this  build  up  being  a  function 
of  the  amount  of  bleed  air. 

A  similar  surprise  on  a  small 
turboprop  engine  was  experienced  by  engine 
CT7  from  G.E.,  as  explained  by  Mr  Blair 
from  G.E.  (20).  Despite  successful  engine 
test  cell  and  aircraft  natural  icing 
certification  tests,  an  unacceptable  level 
of  foreign  object  damage  was  c  .used  by  ice 
ingestion.  This  engine  has  an  integral 
inertial  particle  separator  (IPS).  Forward 
of  the  inlet,  ice  accumulates  on  the 
spinner  and  the  propellor  cuffs  and  inside 
the  duct,  on  the  inlet  protection  device 
(IPD),  splitter  lip  and  in  the  IPD  bowl 
which  filled  up  with  ice  (figure  3).  Duct 
improvements,  one  of  these  being  a  heated 
IPD  exhaust  which  reduced  the  FOD  rate, 
still  didn't  reach  the  target  FOD  rate.  As 
it  was  not  possible  to  achieve  substantial 
IPS  performance  gains  within  the  confines 
of  a  compatible  installation,  the  final 
solution  was  to  develop  ice  FOD-resistant 
compressor  blades. 


3.  Icing  on  turbo  engines. 

Particular  attention  was  given  to  the 
operation  of  helicopter  engines  in  icing 
conditions  and  three  authors  gave  their 
experience.  Small  gasturbines  are  much  more 
vulnerable  to  foreign  object  damage  (FOD) 
and  flame-out  due  to  ice  ingestion  than  the 
bigger  turbofan  engines.  Flame-out  can  also 
occur  due  to  inlet  blockage  by  ice  oi  snow 
and  resulting  air  starvation. 

Jones  of  Boeing  Canada  (6)  explained 
the  case  of  the  inlet  screens  and  particle 
separators  employed  as  protection  on  the 
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CHI 13  Search  and  Rescue  Helicopter  of  the 
Canadian  Forces.  The  original  engine  inlet 
screen  was  not  designed  for  sustained 
operations  in  an  icing  environment,  and  in 
these  conditions  the  inlet  screen  had  to  be 
removed,  resulting  in  an  unacceptable  risk 
of  foreign  object  damage  to  the  engine.  New 
ice  tolerant  inlet  screens  have  been 
developed  and  investigated  and  the  final 
solution  is  a  flat  faced  screen  providing 
full  time  protection  against  FOD  ingestion 
of  particles  larger  than  the  void  size. 
Cylindrical  sides  to  the  screen  are  tapered 
towards  the  inlet,  forming  an  inverted 
cone.  In  fast  forward  cruise  in  icing 
conditions,  the  front  faces  ice  rapidly  and 
the  air  has  to  turn  sharply  to  enter  the 
sides  of  the  cone.  The  sides  remain  clear 
of  deposits  in  forward  flight.  The  air 
stream  sheds  the  majority  of  entrained 
liquid  water  in  flowing  around  a  sharp 
obstruction. 

In  hover  the  inlet  flow  is  less 
unidirectional  and  the  screen  surfaces  ice 
more  uniformly.  It  necessitates  some  form 
of  open  bypass  to  maintain  a  path  to  feed 
the  engine  with  air.  The  airflow  distorsion 
at  the  compressor  face  is  still  acceptable. 
Engine  cell  performance  tests  indicated  a 
2%  powerloss  with  front  fan  completely 
blocked  and  75%  of  the  sidewalls  blocked. 

In  the  case  when  both  front  fan  and 
sidewalls  are  completely  blocked  and  engine 
air  is  entering  solely  through  bypass 
opening,  the  powerloss  was  37%.  There  is 
sufficient  remaining  power  for  cruise. 

G.V.  Bianchini  of  Allison  Gas  Turbine 
Division  (18)  presented  the  anti-icing 
system  of  the  engine  T800-LHT-800  for  LH- 
helicopter.  The  engine  mounted  Integral 
Inlet  Particle  Separator  (IPS)  is  a 
significant  feature  of  this  engine.  The  IPS 
consists  of  an  inner  dome,  a  casing 
assembly,  the  flow  splitter,  scavenge  vanes 
and  scavenge  scroll,  (figure  4).  The  large 
surface  area  results  in  the  potential  for 
widespread  supercooled  water  impingement  on 
the  flow-path  surface,  and  subsequent  ice 
accretion.  The  engine's  anti-icing  system 
shall  prevent  ice  accretion  on  all  core 
flow-path  surfaces  of  the  front  frame  and 
all  flow-path  surfaces  of  the  inner  dome, 
(figure  5).  The  anti-icing  system  requires 
hot  air  from  the  compressor  which  reduces 
engine  performance.  With  the  anti-icing 
system  activated  in  icing-conditions  the 
power  loss  may  not  exceed  5%  and  the 
specific  fuel  consumption  (SFC)  may  not 
increase  more  than  5%  .  The  military  icing 
test  prints  are  given  in  the  table 
underneath: 


1  Conditions 

I  I  1 

3. 

Engine  inlet  total 
temperature  (“C) 

|  -20 

-5 

5 

Mean  effective  drop 
diameter  (microns) 

|  20 

20 

20 

Liquid  water  content 
(g/m3) 

|  1.0 

2.0 

0.4 

Exposure  time 
(minutes) 

1  io 

10 

60 

Several  anti-icing  concepts  were 
evaluated  to  select  a  system  that  satisfies 
the  military  or  FAA  requirements.  After 


investigation,  a  concept  of  compressor 
split  flow  system  was  chosen.  With 
analytical  tools  on  heat  transfer,  flow 
system  and  engine  performance,  the  required 
anti-ice  air  temperature  and  flow  rates 
were  determined  to  keep  the  flow-path 
surface  at  a  level  sufficient  to  prevent 
the  icing,  and  the  impact  on  engine 
performance  was  calculated.  To  ensure  a 
minimal  engine  performance  loss,  a  variable 
anti-ice  flow  rate  was  required  which  was 
obtained  by  a  self-modulating  engine 
mounted  valve. 

The  test  program  was  done  on  an  inlet 
equipped  with  thermocouples  (figure  6)  and 
the  results  were  compared  to  the  analytical 
calculations;  a  comparison  for  a  given  test 
environment  is  presented  in  figure  7. 

Mr  de  la  Servette  (35)  from  Aerospace 
presented  an  overview  of  the  different  air- 
intakes  and  protections  against  ice  and 
snow.  Aerospace  optimised  the  concept  of 
protection  based  on  screens.  The  airflow 
and  ice-accretion  is  shown  in  cases  of  high 
speed  (V  >  70  kts)  and  low  speed  (figure 
8).  The  author  highlights  the  danger  of 
snow  lumps  detaching  from  the  helicopter 
fuselage  and  being  ingested  by  the  engine. 
There  is  also  a  danger  of  accumulation  in 
the  inlet  ducts  after  the  inlet  screen  and 
a  second  screen  just  in  front  of  the 
compressor  may  be  necessary.  This 
accumulation  is  likely  to  happen  on  a  cold 
part  of  a  curved  duct.  The  author 
distinguishes  the  different  critical 
conditions  as  to  temperature  and  snow  type. 

The  development  of  an  anti-icing 
system  for  an  inertial  type  inlet  particle 
separator  (IPS)  by  experimental  methods  is 
expensive  and  time  consuming  and  leads  to 
an  anti-icing  system  which  is  not  always 
energy  efficient.  Mr  Mann  from  RR  and  Mr 
Tan  from  the  Cranfield  Institute  of 
Technology  (16)  presented  a  predictive 
anti-icing  design  code.  That  could  spare 
time  in  the  development  phase  and  reduce 
the  heating  requirements  by  50%  .  The 
model's  principal  components  are  a  Navier- 
Stokes  flow  solver,  the  Moore  Elliptic  Flow 
Program  (MEFP)  and  the  joint  RR/Cranfield 
Trajectory  Prediction  Program.  The  MEFP  was 
used  in  the  particle  separator  design  and 
as  the  IPS  is  axi-symmetric  the  code  was 
run  in  the  2D-form.  The  water  droplet 
equations  of  motion  assume  that  the  drag 
force  is  the  only  force  of  interaction. 

E.  Brook  from  Rolls  Royce  (19) 
presented  the  assessement  of  an  engine 
design  for  icing  risk.  He  detailed 
comprehensively  each  area  of  concern  for 
the  high  bypass  ratio  turbofans.  The 
intakes  and  intake  ducting  were  already 
discussed  (Figure  9).  The  non-rotating 
engine  hardware  upstream  of  the  first  rotor 
stage  must  be  anti-iced  because  of  the 
damage  caused  by  ice  shedding  and  the 
distorsion  due  to  blockage  of  the  inlet 
guide  vanes.  In  the  rotating  stages  it  is 
impossible  to  provide  anti-icing  and  the 
engineer  has  to  appraise  the  design  for  its 
propensity  to  ice  accumulation,  how  the  ic.e 
will  shed  and  the  design  of  the  surfaces  on 
wich  the.  ice  lumps  will  impact. 

Authors  R.  Henry,  and  D.  Guffond  from 
ONERA  (17)  calculated  the  ice  accretion  on 
the  inlet  guide  vanes  (pre-rotation  vanes) 
of  a  centrifugal  compressor.  Protection 
against  icing  is  achieved  by  hot  bleed  air 
from  the  compressor  and  driven-  inside  the 
vanes.  At  low  engine  settings,  the 
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compressed  air  is  at  rather  low  temperature 
and  is  not  able  to  avoid  ice  accumulation 
on  certain  parts  of  the  vanes.  A  two- 
dimensional  numerical  program  from  ONERA 
was  adapted  to  compute  the  ice  build  up  on 
the  profile.  There  are  three  distinct 
parts i 

-  a  fluid  dynamics  computation  of  the 
flow,  velocities  and  pressures  around 
the  vanes. 

-  a  computation  of  the  water  droplets' 
trajectories  for  the  determination  of 
the  icing  surface. 

-  a  thermodynamic  balance  to  compute  the 
thickness  and  form  of  the  ice 
accumulation. 

As  computation  in  the  three-dimensional 
field  is  very  expensive,  a  two-dimensional 
code  was  used  before  the  vanes  in  the 
(Z,R)-plan  and  in  the  (Z,e)-plan- between 
the  vanes  (figure  10). This  is  justified  as 
the  third  component  of  the  velocities  is 
always  small.  Computation  of  the  droplets' 
trajectories  in  the  two-phase  flow  is  based 
on  the  following  assumptions! 

-  the  flow  is  not  influenced  by  the 
presence  of  a  small  number  of  droplets. 

-  the  droplets  are  spherical. 

-  the  only  force  on  the  droplet  is  the 
air-droplet  interaction. 

Formule:  Fg  «■  Mg  .  (dVg)/dt 

wherei  Fg  »  drag  force 

Mg  =  mass  of  the  droplet 
Vg  »  velocity  of  the  droplet 

Computation  of  the  droplets'  local 
captation  on  the  impact  zone  showed  that 
the  captation  values  are  low  on  the 
intrados,  very  high  on  the  leading  edge  and 
that  there  is  no  captation  on  the  extrados. 
The  thermodynamic  laws  allow  the 
computation  of  the  ice  form  by  determining 
the  amount  of  water  impacting  on  the  zone 
and  the  wall  temperature.  It  is  based  on 
the  conservation  of  the  mass  and  the  heat 
on  an  elementary  wall  surface  ds,  as  can  be 
seen  in  figure  11.  There  is  a  clear 
influence  of  the  temperature  on  the  ice 
form  as  can  be  seen  in  figure  12,  for 
droplets  of  a  mean  diameter  of  20  pm,  a 
liquid  water  content  of  0.6  g/m3  and  after 
60  s  of  captation  on  the  median  height  of 
the  blades. 

4. Test  facilities. 

The  icing  test  facilities  are 
necessary  tools  in  the  theoretical  designs' 
development  and  in  testing  the  engine  or 
the  inlet,  or  both  together  to  demonstrate 
that  they  comply  with  the  requirements  of 
the  icing  specifications. 

H.  Reardon  and  J.  Truglio  (28) 
explained  the  capabilities  in  icing 
simulation  at  the  Naval  Air  Propulsion. 
Center  of  Trer.ton.  The  Navy  specification 
requirements  for  turbofan/turbojet  and 
turboshaft/turboprop  are  the  baseline 
documents.  We  quote  that  the  engine  anti¬ 
icing  systems  allow  the  engine  to  operate 
satisfactorily  .under  meteorological 
conditions  as  defined  in  Table  1,.  with  no 
more  than  total  thrust  loss  and  no  more 
than  5%  increase  in  SFC  for  high  engine 
setting.  No  permanent  performance 
deterioration"  is  permitted  after  the 
meteorological  conditions  have  been 
removed.  The  test  consists  of  two  parts i 


-  six  power  settings  under  the  three 
conditions  of  table  1,  part  1,  each  for 
a  minimum  of  ten  minutes,  and  rapid 
acceleration  for  transient  responses. 

-  one  hour  run  at  idle,  followed  by 
acceleration  to  maximum  power,  under 
conditions  of  table  1,  part.  2.  This 
test,  is  very  similar  to  that  defined  by 
FAR  Part  33.68  wich  requires  30  minutes 
idle. 

It  is  noted  that  the  earlier  version  of  the 
Navy  Specification  required  altitude 
testing.  These  altitude  tests  were  deleted 
from  the  specification,  in  part  due  to  the 
higli  cost  of  testing  in  the  altitude 
chamber.  In  any  case  sea-level  icing 
conditions  represent,  the  most  severe 
requirements  for  the  engine  anti-icing 
system  due  to  low  pressure  ratio  in  idle 
and  static  and  low  temperature  of  the  bleed 
air  combined  with  a  high  total  liquid  water 
content. 

There  are  four  small  engine  test  cells 
which  have  sea-:.level  as  well  as  altitude 
capabilities  w.ith  a  maximum  airflow  of  25 
kg/s,  and  two  larger  sea-level  cells  with  a 
maximum  airflow  of  150  kg/s.  Two  basic 
inlet  configurations  are  utilised  at  MAPC, 
the  direct  connect  jet  and  the  free  jet,  as 
depicted  in  figure  13.  Large  engines  are 
direct  connected  and  small  engines  with  a 
mass  flow  less  than  20  kg/s  are  generally 
configured  as  a  free  jet.  Cloud  simulation 
is  accomplished  with  spray  systems 
consisting  of  spray  bars.  Through  the 
nozzles,  metered  air  and  water  generate  the 
liquid  water  droplets.  Flow  of  both  water 
and  air  are  controlled,  which  provides  for 
the  setting  of  LWC  and  drop  diameter.  Water 
and  air  are  filtered  to  minimize  the 
entrained  particulates  which  can  seed  the 
supercooled  liquid  water  droplets  causing 
them  to  freeze  and  form  ice  crystals.  The 
flow  has  to  be  calibrated  and  LWC  and  drop 
diameters  must  be  verified  quantitatively 
and  qualitatively  with  the  forward 
scattering  spectrometer  probe  and  a  single 
rotating  cylinder  in  the  duct  (figure  14). 
The  icing  capabilities  are  depicted  in 
figure  15,  and  the  NAPC  experienced  that 
the  production  of  an  icing  simulation  in 
terms  of  LWC  and  droplet  diameter  is  not  an 
easy  task  and  that  the  instruments' 
accuracy  is  not  always  satisfactory.  We 
have  already  presented  the  F14A  aircraft 
inlet  icing  test.  The  difficulties  and 
results  on  engine  tests  are  mentionned  in 
the  paper. 

A  second  test  cell  was  described  by 
Riley  (29)  from  Rolls-Royce.  The  Hucknall 
tunnel  is  fitted  with  water  spray  nozzles 
wich  produce  a  supercooled  water  cloud  of 
controllable  droplet  size  and  TLW.  The 
liquid  water  content  distributions  and  air 
pressure  were  recorded  at  four  planes 
downstream  of  a  28  cm  high  reducing  nozzle. 
Pressure  and  temperature  profiles  were 
measured  by  rakes  of  25  pitots  ?  'd  25 
thermocouples  moved  in  vertical  ..lanes.  The 
nominal  air  velocities  are  61  and  122  m/s 
for  air  temperatures  of  0#C,  -15°C  and 
-30*C .  Research  was  carried  out  to 
determine"  the  effects  of  variables  such  as 
velocity  and  temperature  on  ice  accretion 
and  shedding  on  a  steel  tubing  grid.  The 
higher  airspeed  produced  more  brittle  ice 
Which  shed  more  easily.  Figure  16  shows  the 
cross  section  in  various  test  conditions. 
Experimental  evidence  showed  that  a 
reduction  in  water  droplet  size  had  an 
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effect  on  ice  types  similar  to  an  increase 
in  airspeed  or  reduction  in  liquid  water 
content,  producing  more  brittle  opaque  ice 
which  shed  more  easily.  Different 
temperatures  produce  ice  of  a  different 
nature.  Rime  ice  forms  at  low  temperatures, 
is  smooth,  opaque  and  tends  to  follow  the 
shape  of  the  surface  on  which  it  is 
building.  Glaze  ice  forms  at  temperatures 
approaching  0°C,  is  clearer  and  comprises 
forward  facing  "feathers"  which  give  the 
classic  horned  shape.  Glaze  ice  is 
generally  a  greater  problem  since  it  has  a 
larger  effect  on  drag  and  damage  potential 
if  the  ice  is  released.  But  it  tends  to  be 
more  brittle  and  is  more  readily  shed.  The 
appearance,  net  quantity,  shape, 
distribution,  relative  location,  physical 
properties  of  the  ice  _re  a  function  of 
ambiant  conditions,  the  collecting  surface 
and  surroundings,  the  external  forces. 
Macroscopic  and  microscopic  observation  of 
ice  accretion  concluded  thatt 

-  the  physical  and  mechanical  properties 
of  ice  formed  by  accretion  are  a 
function  of  formation  conditions. 

-  the  effects  of  altitude,  rotational 
speed,  vibration,  heat  input,  material 
type  and  surface  finish  may  also 
influence  ice  properties,  and  these 
phenomena  should  be  Investigated. 

-  alternative  techniques  for  microscopic 
observation  should  be  investigated. 

The  author  also  explained  the  research  on 
static  vane  sets.  The  vanes  were  set  at 
different  incidences  and  the  test  run  for 
30  minutes  at  the  highest  air  velocity  of 
119  m/s.  The  comparison  was  made  on  the 
result  of  pressure  drop,  plotted  non- 
dimensionally  in  the  formi 

NONDIHP  *  rtP  -  APo 
APo 

where  OP  «  measured  pressure  drop 
0 Po»  initial  OP 

An  example  of  the  pressure  drop's 
evolution,  indicating  the  blockage  is  shown 
in  figure  17.  For  different  speeds  and 
temperatures,  the  closely  spaced  vanes  are 
more  prone  to  blockage  and  ice  bridging, 
and  the  blockage  is  highly  dependent  on 
shedding  propensity.  We  also  mention  from 
this  report  the  research  on  the  adhesive 
strength  of  ice  formed  by  accretion.  These 
experimental  investigations  determined  the 
bond  strength  of  ice  build  up  on  rotating 
collectors.  The  ice  mass  resulted  in  a 
centrifugal  shedding  force  recorded  by 
strain  gauges  on  the  collector  arm  front 
and  back  faces  (figure  18).  It  was  noted 
that  failure  tended  to  be  cohesive, i.e. 
failure  occurred  within  the  ice  at  lower 
temperatures.  At  higher  temperatures 
adhesive  failure  occurred, i.e.  the  bond 
between  ice  and  metal  surface  was  broken. 
The  transition  occurred  between  -6*C  and 
-10®C  air  temperature,  which  corresponds  to 
the  transition  between  rime  and  glaze  ice. 
Tests  were  carried  out  to  investigate  the 
effects  of  LWC  (0.5  to  2.5  g/m3),.  droplet 
size  (15  to  30  px),  impingement  angle, 
surface  preparation  (clean  or  greased)  and 
coatings.  "  „ 

Mr.  E.  Carr  presented  the  icing  test 
facility  operated  at  Barclay  in  the.U.K.  by 
Aero  and  Industrial  Technology, Limited 
(AIT){32).  This  plant  is  operated  on  a 
normal  commercial  basis  and  is  CAA 


approved.  Figure  19  shows  the  main  plant 
schematically,  and  the  main  capabilities 
arei  airflow  of  up  to  5.7  kg/s  at  a 
pressure  down  to  38  kPa,  corresponding  to  a 
pressure  altitude  of  7620  m.  At  higher 
altitudes  up  to  15240  m  the  airflow  is 
reduced  at  3.4  kg/s.  Air  temperature  is 
supplied  in  the  range  -65°C  to  +75°C  and 
rapid  changes  in  air  pressure  and 
temperature  can  be  achieved.  The  engine 
test  cell  is  12.2  m  long  by  4  m  diameter 
giving  a  normal  working  space  7.9  m  long  by 
1.8  m  diameter.  Based  on  the  JAR  and  the 
FAR  the  correct  icing  conditions,  such  as 
air  velocity,  pressure,  temperature,  water 
content  and  droplet  size  are  set  for 
predetermined  times.  In  addition  there  may 
be  a  requirement  for  testing  the  effect  of 
ice  blocks  ingested  by  the  engine.  This  is 
done  by  either  allowing  the  ice  accretions 
to  shed  as  in  service  or  by  producing  ice 
blocks  in  a  refrigerator  and  injecting 
pieces  of  a  known  size  into  the  item.  A 
special  gun  can  also  produce  and  inject 
hailstones.  The  configuration  of  the  test 
sections  is  shown  in  figure  20.  Recently  a 
laser  equipment  (Malvern  2600C)  has  been 
installed  for  water  droplet  measurement. 

Scott  Bartlett  presented  the  AEDC 
facilities  (31).  These  are  altitude  engine 
test  facilities  covering  a  wide  range  of 
mach  numbers,  pressure  altitudes,  inlet 
temperatures  and  icing  conditions.  The 
free-jet  and  direct-connect  testing  modes 
are  possible.  In  direct-connect  tests  one 
can  test  engines  requiring  an  airflow  of 
340  kg/s  at  sea-level.  Bigger  engines  can 
be  tested  at  increasingly  higher  altitudes. 
As  many  icing  problems  occur  at  reduced 
power  setting  meaningful  icing  tests  can  be 
conducted  on  engines  for  which  the  maximum 
airflow  is  above  the  facility  capability. 
Figure  21  indicates  the  test  limits  in 
pressure  and  temperature.  An  interesting 
detail  is  the  LWC  required  in  a  direct 
connecting  test.  Figure  22  shows  that  the 
streamtube  in  the  real  flow  in  front  of  the 
inlet  is  convergent  or  divergent  depending 
on  the  flight  mach  number  and  the  mach 
number  in  front  of  the  fan.  Thus  air 
density  increases  or  decreases  and  the  LWC 
in  g/m3  is  modified.  The  LWC  in  the  airflow 
of  the  straight  connecting  tube  must  be 
adapted  to  simulate  the  required  content  in 
the  real  upstream  conditions  set  by  the 
regulations.  The  icing  cloud's  uniformity 
is  evaluated  by  the  ice  accreted  on  a 
calibration  grid.  This  technique  has  been 
automated  at  AEDC  by  application  of 
ultrasonic  piezo-electric  transducers. 

These  are  integrated  into  the  grid  and  the 
ice  thickness  and  growth  rate  on  the 
transducer  is  calculated  in  real  time  by  a 
signal  processing  system.  This  automation 
greatly  reduces  time  for  icing  test 
preparation.  The  measurement  effort  of  the 
cloud's  liquid  water  content  uniformity 
aimes  at  developping  electro-optical 
diagnostics  to  replace  the  piezo-electrical 
transducers  on  the  calibration  grids.  Using 
fluorescent  dye  in  the  water  and  exciting 
the  droplets  with  a  light  source  the 
uniformity  of  the  scattered  light  intensity 
is  a  measure  of  the  LWC 's  uniformity.  Work 
is  also  conducted  on  the  ice  scaling 
illustrated  in  figure  23  obtained  at  AEDC. 

The  test  facility  at  Pyestock  was 
presented -by  Hr  Holmes  of  the  RAE  (34).  The 
capability  for  icing  tests  was  incorporated 
at  the  design  stage  of  two  of  the  altitude 
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test  cells  intended  for  aero-engines.  There 
is  still  work  to  do  on  improving  the  icing 
tests  and  one  of  the  most  important 
elements  is  the  simulation  of  a  defined 
cloud.  Some  icing  clouds  consist  of  a 
mixture  of  supercooled  water  droplets  and 
particles  of  dry  ice.  These  can  be  produced 
at  Pyestock  based  on  different  techniques 
for  the  production  of  both  componentsi  ice 
particles  are  produced  by  milling  chips  of 
prepared  ice  blocks  and  introduced  into  the 
main  flow  upstream  of  the  liquid  water 
injection.-  There  is  a  problem  in  measuring 
the  uniformity  of  the  droplet  size 
distribution  in  a  2.6  m  diameter  cell. 
Therefore  at  RAE  they  calibrate  individual 
nozzles  in  a  controlled  environment  in  a 
low  speed  wind  tunnel  especially  adapted 
for  this  purpose.  The  two  cells  have  large 
test  chambers  of  6  m  and  7.6  m  diameters, 
the  latter  can  accomodate  a  helicopter 
without  rotors.  A  majority  of  the  aero¬ 
engine  testing  is  done  in  connect  mode,  but 
it  is  more  realistic  to  do  it  in  free  jet 
mode.  The  icing  cloud  is  produced  by  a 
number  of  airblast  water  spray  nozzles  on 
rakes  .  A  new  rake  for  testing  of  large 
engines  requires  310  nozzles  for  a  2.64  m 
duct.  Five  channels  of  closed  circuit  TV 
are  available  for  remote  viewingi  one 
channel  is  a  strobed  view  of  rotating  parts 
whilst  highspeed  cine  up  to  1200  frames  per 
second  records  the  ice  shedding  and 
particle  trajectories.  Measuring  the  water 
content  and  droplets'  diameter  in  the  real 
test  cells  close  to  the  engine  is  the 
preferred  solution  but  it  is  very  difficult 
to  achieve  in  large  scale  engineering 
environment  with  delicate  instruments.  The 
alternative  solution  at  Pyestock  is  an  open 
circuit  wind  tunnel  with  a  0.37  m2  working 
section  and  80  m/s  wind  speed.  Spray 
nozzles  characteristics  (figure  24)  show 
the  nozzles'  operational  limits.  Another 
problem  is  the  cooling  down  of  the  droplets 
in  the  airflow.  The  water  is  injected  at 
20°C  to  prevent  freezing  on  the  nozzle;  are 
the  droplets  supercooled  at  the  time  they 
impact  on  the  target?  The  state  of  the 
droplets  determines  the  ice  accretion 
forms.  A  10  micron  droplet  comes  to  thermal 
equilibrium  in  a  -5*C  airflow  in  under  a 
meter,  but  a  30  micron  droplet  might 
require  5  meters.  Thus  the  distance  between 
the  spray  rake  and  the  target  needs  to 
exceed  5  meters. 

Mr  Creismeas  of  C.E.Pr  reported  on  a 
numerical  code  developed  at  C.E.Pr.  and 
ONERA  (30).  As  said  in  above  paper  the 
distance  between  spray  rake  and.-  test  item 
is  in  excess  of  .5  m  and  there  can  be  a 
significant  modification  in  the  droplets' 
mean  diameter.  The  test  requires  a  given 
mean  droplet  diameter  and  it  is  useful-  to 
have  a. method  to  predict -the  evolution.  The 
theory  is  based  on  the  thermal  exchanges 
between  the  liquid  water  and  the  gasflow, 
taking  into  account  the  hygrometry.  This 
numerical  code  is  named  M.A.GI.C 
(Moddlisation  et  Analyse  du  GXvrage  en 
Caisson).  The  equations  are  based  on  the 
continuity,  momentum  ,and  heat  equation.  The 
drag  force  of  the  droplet,  in  airflow  is 
based  on  the  value  of  Cx  which  is  taken  as> 


(24 /Re)..  (1+0.15  Re0-***) 


Theoretical  results  were  compared  with 
experimental  results.  The  starting  section 
is  0.25  m  where  mass  distribution  in 
diameter  intervals- are  given  in  table  2  for 
4  cases.  The  diameters  in  a  section  1.95  m 
from  the  injector  were  measured  and 
calculated  and  figure  25  gives  an  example 
of  the  comparison. 


5.  Ice  relevant  cloud  physical  parameters. 

Since  1983  the  icing  of  aircraft  is 
investigated  in  the  DLR  -  Institute  for 
Atmospheric  Physics  using  an  icing  research 
aircraft  (33).  The  aim  is  to  get 
information  about  the  dependance  of  the 
icing  relevant  cloudphysical  parameters  on 
cloud  type  and  the  height  above  cloud  base. 
The  total  water  content  (fluid  and  solid 
particles),  the  median  volume  diameter  and 
the  temperature  T  were  collected  during 
vertical  and  horizontal  flight  through 
clouds.  A  result  is  shown  in  figure  26.  The 
TWC  of  clouds  of  a  high  pressure  area 
increases  about  linearly  with  height  above 
cloud  base.  Its  maximum  is  located  just 
below  the  cloud  top  and  has  values  between 
0.40  and  0.50  g/m3.  Temperature  is 
decreasing  with  height  and  the  median 
volume  diameters  (MVD)  are  rather  small  and 
are  situated  between  11  and  23  ym.  The 
phase  of  the  particles  is  always  fluid.  The 
MVD  of  clouds  in  the  range  of  a  warm  front 
fluctuates  strongly  between  small  and  large 
values  and  maximum  values  are  between  100 
and  460  pm.  The  phase  of  the  particles  in 
clouds  in  the  range  of  a  warm  front  would 
vary  between  fluid  and  solid. 


6.  Low  temperature  and  fuel  problems. 

The  low  temperature  operations  could 
impact  aircraft  missions  as  the  fuel  can 
form  solid  wax  precipitates  which  may  cause 
plugging  of  filters  or  blockage  of  fuel 
transfer  lines.  The  Naval  Air  propulsion 
center  of  Trenton  was  concerned  with  the 
problem  of  availability  of  the  F-44  (JP5) 
fuel.  This  fuel  with  very  low  freezing 
point  accounts  for  only  a  small  fraction, 
less  than  1%  of  total  refinery  production. 
The  relaxation  of  the  freezing  point 
specification  to  that  of  the  commercial 
Jet-A  specification  would  lead  to  a  higher 
fraction  of  the  crude  (25). 

This  study  requires  the  determination 
of  the  fuel  temperature  in  the  fuel  tanks 
which  is  very  expensive  if  it  has  to  be 
done  experimentally.  NAPC  looked  for  a  CFD- 
code  that  could  be  modified  to  handle  the 
calculations.  They  chose  the  PHOENICS  84  as 
the  base  code  performing  fluid-flow,  heat 
transfer  and  chemical  reaction  calculations 
simultaneously.  The  major  developments  arei 
optimum  grid  selection,  turbulence 
modelling,  phase  change  modelling  and 
expert  system.  The.  user-friendly  menu 
driven  format  allows  the  user  to  operate  in 
a  menu  driven  step-wise  format,  depicted  in 
figure  27,  where  he  has  to  input  the 
dimensions  of  the  tank  and  the  amount  of 
fuel  desired.  The  boundary  conditions  are 
either  the  experimental  skin  temperature  of 
the  tank,  c.r„the  calculated  skin 
temperature  bssed  on  air  temperature  and 
air  speed.  Figure  28  compares  test  and 
calculated  .data.  The  model  predicts 
accurately,  in  both  two  and  three 
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dimensions,  fuel  temperature  profiles.  The 
accuracy  of  the  fuel  holdup  is  not  as  good 
as  that  of  the  fuel  temperature  because 
holdup  was  shown-  to  be  a  somewhat  random- 
phenomenon.  The  model  is  currently  used  to 
predict  the  effect  of  higher  freeze  point 
fuels  on  naval  aircraft  mission 
performance. 

A  second  danger  of  the  cold  fuel  is 
due  to  the  presence  of  water  dissolved  in 
the  fuel.  This  water  under  the  form  of  ice 
crystals  can  block  the  filters,  the  fuel 
control  and  change  the  flow  passages  in  the 
heat  exchanger  air-fuel.  Mr  Gamier  of 
SNECMA  (23)  explained  the  mathematical 
model  based  on  a  heat  balance  oil-fuel  to 
predict  the  fuel  temp-.-rature  during,  the 
take-off  phase  and  cruise  flight.  This 
model  was  verified  on  a  test  bench  built  at 
SNECMA  to  verify  the  model  and  on  an 
aircraft  equipped  with  four  CFM-56,  that 
was  put  in  the  climatic  chamber  of  EGLIN 
(Florida)  where  the  temperature  was  lowered 
to  between  -21°C  and  -54*C. 
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Fuel  at  cold  temperature  can  also 
impact  the  engines'  starting  capabilities. 
This  is  due  to  the  low  vapour  pressure  and 
the  low  viscosity.  The  droplet  mean 
diameter  increases  and  the  fuel  evaporation 
rate  is  inversely  proportionate  to  the 
square  of  the  droplet  size  (7,9,22).  Figure 
29  shows  that  the  minimum  fuel  air  ratio 
for  ignition  has  to  be  increased  with 
higher  viscosity,  thus  lower  fuel 
temperature.  Three  paperst  GE  (10),  APU  for 
the  Tornado  (11)  and  PW  (12)  explain  the 
improvements  in  the  starting  capabilities 
with  new  fuel  control  schedules  related  to 
the  ambient  conditions. 

The  flame  propagation  model  j.n 
heterogeneous  phase  must  take  into  account 
the  droplet  diameters  and  droplet 
distribution,  the  temperatures  and 
pressures,  the  fuel  air  ratio,  the 
evaporation  and  the  turbulence.  In  paper 
(24)  this  flame  propagation  is  studied  in 
the  case  of  a  multicomponent  fuel  to 
compare  it  with  the  case  of  a  single 
component  idealization. 


76th  SYMPOSIUM 


the  T800-LHT-800  Turboshaft  Engine 
by  G.V.Bianchini. 

19.  Engine  Icing  Criticality  Assessment  by 
E. Brook. 

20.  Ice  Ingestion  Experience  on  a  Small 
Turboprop  Engine  by  L.W. Blair, 

R.L. Miller  and  D.J.Tapparo. 

21.  Fuels  and  Oils  as  Factors  in  the 
Operation  of  Aero  Gas  Turbine  Engines 
at  Low  Temperatures  by  G.L. Batchelor. 

22.  The  Effect  of  Fuel  Properties  and 
Atomization  on  Low  Temperature  Ignition 
in  Gas  Turbine  Combustors  by 

D. W.Naegeli,  L.G. Dodge  and  C. A. Moses. 

23.  Givrage  des  Circuits  de  Carburant  des 
Turbor^acteurs  par  F.  Gamier. 

24.  The  Influence  of  Fuel  Characteristics 
on  Heterogeneous  Flame  Propagation  by 
M.F.Bardon,  J.E.D. Gauthier  and  V.K.Rao. 

25.  The  Development  of  a  Computational 
Model  to  Predict  Low  Temperature  Fuel 
Flow  Phenomena  by  R.A.Kamin,  C.J.Nowack 
and  B. A.Olmstead. 

28.  Environmental  Icing  Testing  at  the 
Naval  Air  Propulsion  Center 

by  W.H. Reardon  and  V.J.Truglio. 

29.  Icing  Research  Related  to  Engine  Icing 
Characteristics  by  S.J. Riley. 

30.  Modelisatier.  Num6rique  de  l'Evolotion 

d'uh  Nuage  uttelettes  d'Eiu  en 

surfusion  dans  un  Caisson  Givrant  par 
P.Creismeas  et  J.Courquet. 

31.  Icing  Test  Capabilities  for  Aircraft 
Propulsion  Systems  at  the  Arnold 
Engineering  Development  Center  by 
C.S. Bartlett,  J.R. Moore,  N.S. Weinberg 
and  T.D.Garretson. 

32.  Icing  Test  programmes  and  Techniques  by 

E. Carr  and  D.Woodhouse. 

33.  Documentation-  of  Vertical  &  Horizontal 
Aircraft  Soundings  of  Icing  Relevant 
Cloudphysical  Parameters  by  H.E. Hoff man 

34.  Developments  in  Icing  Test  Techniques 
for  Aerospace  Applications  in  the  RAE 
Pyestock  Altitude  Test  Facility  by 

M. Holmes,  V.E.W.Garrat  and  R.G.T.Drage. 

35.  Entrfe  d'air  d'Heiicoptires:  Protection 
pour  le  vol  en  Conditions  Keigeuses  ou 
Givrantes  par  X.de  la  Servette  et 
P.Cabrit. 


I 


T800  engine  1808  BU4 
■4°F  (-20'C)  amb  25%  MCP 


Meta!  temperature 

CO  *F 


BYPASS 


ugnes  oe  cot«ANi  avant 
COLMA'AGE  DC  LA  GftUE 


\ 


GRttlE 


\ 

-2 

a 


UGNES  OE  COUQANI  Attif 5 

COU/ATAGE  DE  IA  GfttUE 

High  forward 

speed 

\ 
i  \ 

<r 

Low  forward  speed 


Fig  8:  Ico  accretion  on  helicopter  inlet  screen 


i 


i 

1 


I 

l 

j 

i 


Refroidisscment  dc  la  glace :  q  f  Eacrgie  cindtique ;  q 

Congelation :  qg  .  \  /  Captation  :qj 

.Ruinellemto': j,  _>X  ' /£**  CmK6m : 


Captation  :m  ; 


Vaporisation :  m 


Bilan  thermique  &  la  paroi 


Bitan  massique  au  niveau  cU  la  paroi 


Fig  11:  Heat  and  mass  balance  on  the  wall 


3-9 


tar  =  -5°C 


tar  =  O’C 


TEMPERATURE  ,  DEW  POINT  SENSOR 
— xV^l — 'v  Ml 

llT-:  — : 

r  _],■■? 

9  ’  'M — >cr 


PRESSURE  RUE 

__s _ _ 


^DISTRIBUTION 

SCREEN 


1  PRESSURE^  V - .IEATEB  REDUCER  v., 

In\  SPRAT  IANS 

HUMIDIFICATION  CALIBRATION 


X — , 

L4=RETRACTA 


RETRACTABLE  SINGLE 
ROTATING  CTLINOER 


/■TT  AND/OR 

(  HI  SPEED  MODE  CAMERA 

$ 


- 1  uJ- — /  TEST  '^-PLEXIGLAS  DUCT 

FiS  :TYPICAL  CAUBRATION/TEST  ARRANGEMENTS 


Fig  12:  LWC=0,6g/m  ;  D.MV=20Ym;  Mean  Diameter 


)=> 


FREE  JET 


60'  OIA. 


OIRECT  CONNECT 

Fig  13:  Icing  Test  inlet  configu-acionLi 


_  -*30 

U. 

c o 

UJ 

2  *10 


5.0 

|  4.0 

5  *  3.0 

as 

i  ■  z.o 

I  M 

0.0 


300  !b/s 


kMean  Effective  Drop 

Diameter  Range  (microns) 


LARGE 


ZOO  300  lb/s 

Inlet  air  flow 

Fig  15:  NAPC  Icing  capabilities 


TABLE  1:  SEA-LEVEL  ANTI-ICING  CONDITIONS  (MIL  E  005007E  (AS), 


PART  1 

PART  2 

Engine  Inlet  Total 
Temperature 

“4*F(-20*C)il* 

♦15*F(-10’C)A1* 

+23*F(-5»C)tl* 

23*F(-5*C)il* 

Velocity 

O  to  60  knots 

O  to  60  knots 

O  to  60  knots 

0  to  60  knots 

Altitude 

O  to  500  ft 

O  to  500  ft 

O  to  500  ft 

0  to  500  ft 

Kean  Effective 

Drop  Dianetec 

20  microns 

20  microns 

20  microns 

30  microns 

Liquid  water 

Content 

(Continuous) 

1.  9»/»3  , 

to. 25  gm/*3 

2  9»/«3  , 

tO. 25  ga/m3 

2  9«/»3  . 

to. 25  g»/*3 

0.4  g*/*3 
to.l  cm/*3 

Hi 
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Fig  23:  Ice  shape  scaling  results,  test  article 
size,  full  and  1/3  scale 


Table  2:  Initial  distribution  of  the  droplets 
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Fig  25:  Calculated  and  measured  droplet  distri¬ 
bution  at  1,95  m  from  injectors 
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Fig  24:  Spray  nozzles  characteristics 


i . r . i . r**-i . r—*i . t . i - \ 

1  2  5  10  20  50  100  200  500  urn  1000  IM> 


Fig  26:  Total  water  content  TWO,  temperature  T,  and 
median  volume  diometer  MVD  in  dependence  on  hei9ht 
obove  doudbase  H. 

Phase  ot  cloud  particles:  Fluid 

Height  of  the  cloud  base:  8etween  400  and  500  m 
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"Quick  look  printout 
•Plol»  ol  temperature  profile# 

•Plot#  ot  frozen  fuel  regions 

•Calculation  ot  total  amount  of  hold-up  vs.  time 

Fig  27:  Flow  diagram  on  approach  to  use 
computer  model 
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Fig  29a:  Correlation  of  minimum  fuel-air  ratio  for 


ignition  with  viscosity  for  two  atomizers 


type  on  SMD  required  for  ignition 
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EVOLUTION  REGLEMENTAIRE  EN  MATIERE  DE  CERTIFICATION  DES 
AVIONS  CIVILS  EN  CONDITIONS  GIVRANTES 

par 

Gilbert  CATTANEO 
IngEnieur  Navigant  d'Essais 

CENTRE  D'ESSAIS  EN  VOL  13128  ISTRES  AIR 


1.  -  RESUME 


L' experience  acquise  au  cours  de  la 
certification  de  type  et  de  1' utilisation  en 
service  des  avions  civils  a  montrE  qu'une 
Evolution  des  rEglements  applicables  aux 
conditions  givrantes  s'avErait  nEcessaire.  Ce 
document  dEcrit  les  Evolutions  rEglementaires 
qui  sont  actuellement  envisagEes  de  naniEre  A 
maintenir  au  cours  d'un  vol  en  conditions 
givrantes  un  niveau  de  sEcuritE  comparable  A 
celui  qui  est  garanti  hors  givrage. 


L' amplitude  de  l'effet  etudie  dEpend  de 
l’Epaisseur  de  glace,  de  sa  forme  et  dans  une 
certaine  mesure  de  sa  rugositE  (CF  figures  n*  l 
et  n*  2) . 

Une  epaisseur  oifime  faibie  peut  avoir  un 
effet  considerable  sur  le  CLmax. 

L1 accumulation  de  glace  sur  la  profondeur 
peut  provoquer  des  problEmes  graves  de  contrdle 
longitudinal  liEs  A  1' alteration  du  moment  de 
charniere  observable  sur  les  avions  A  commandes 
de  vol  purement  mecaniques.  Des  degradations 
significatives  de  1'efficacitE  de  la  profondeur 
ne  peuvent  pas  Etre  exclues  sur  les  avions 
EquipEs  de  servo  commandes. 


2.  -  RAPPEL  DES  EFFETS  DE  L1 ACCUMULATION  DE  GLA¬ 
CE  SUR  LES  CARACTERISTIQUES  AERODYNAMIQUES 
D'UN  AVION 


On  sait  depuis  fort  longtemps  que  la 
presence  de  glace  sur  un  avion  dEgrade  de 
maniEre  significative  les  caractEristiques 
aerodynamiques  correspondantes. 

II  existe  une  abondante  littErature  qui 
traite  de  ce  sujet  et  de  nombreuses  Etudes  ont 
ete  conduites  dans  le  monde  pour  en  Evaluer  des 
consequences.  Nous  rappelons  briEvement  les 
principales  conclusions. 

L' accumulation  de  glace  sur  un  avion 
provoque  : 

-  Une  perte  de  portance  CL  a  mEme  incidence  a 
qui  s'accompagne  d'une  diminution  du  CLmax  et 
de  1' angle  a  (CLmax)  associE. 

-  Une  augmentation  du  coefficient  de  trainee  CD. 

-  Une  degradation  de  la  stabilite  longitudinale 
et  de  la  stabilitE  latErale. 

-  D'autres  caractEristiques  comme  la  stabilitE 
dynaraique  transversale  (DUTCH  ROLL)  peuvent 
aussi  Etre  affectEes. 
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Par  contre  on  observe  que  les  profils 
modernes  ne  paraissent  pas  presenter  une 
sensibility  plus  marquee  que  celle  des  profils 
anciens. 


3.  -  LES  HEC1MEMTS  CE  CERTIFICATION  fflST«S 

On  sait  que  pour  certifier  les  avions 
civils  de  grande  taille  il  existe 
essentiellement  deux  rAglements  de  base  : 

-  La  part  25  (large  aeroplanes)  du  titre 
(Aeronautique  et  Espace)  du  Code  des  Lois 
FAdArales  AmAricaines. 

-  La  JAR  25  (Joint  Aviation  Requirements). 

Ces  rAglements  sont  pratiquement  identiques 
et  sont  completes  par  des  textes  additionnels  : 
Annexes,  Advisory  Circular  Joint,  etc.... 


Ainsi  lorsque  la  certification  en 
conditions  givrantes  est  demandAe  en  conformity 


Les  avions 

peuvent 

Atre  plus 

ou  moins 

avec 

le  rAglement  JAR  on  utilisera  : 

sensibles  au  givrage. 

a) 

Le  texte  de  base  Jiopitre  25- 1^19 • 

.  11 

Parmi  les 

raisons 

possibles 

qui  les 

prAcise  que  1' avion  doit  pouvoir 
utilise  en  toute  security  dans 

Atre 

les 

diffArencient  on  peut  noter  : 

-  Que  les  turborAacteurs  ont  un  domaine  de  vol 
etendu  et  des  performances  AlevAes  leur 
permettant  d'Aviter  ou  de  traverser  rapidement 
les  zones  de  givrage. 

-  Que  les  systAmes  de  dAgivrage  pneumatiques  A 
chambres  dAformantes  (boots)  n'ont  pas  une 
efficacitA  parfaite.  De  la  glace  s'accumule 
entre  deux  gonflages  des  chambres 
(intercycle).  Par  comparaison  les  systAmes 
d'antigivrage  par  soufflage  d'air  chaud 
evitent  1' accumulation  de  glace. 

-  La  raise  en  route  diffArAe  des  systAmes  de 
dAgivrage  par  application  de  la  procedure 
garantissant  l'efficacite  du  systAme, 
correspond  A  une  certaine  quantile  de  glace 
accumulee. 

-  Des  conditions  donnAes  de  givrage  peuvent 
avoir  un  effet  different  en  fonction  du  type 
de  1' avion. 

II  ressort  de  ces  considerations  que  les 

turbopropulseurs  ont  plus  de  chance  d'etre 

"sensibles  au  givrage"  A  cause  : 

-  De  leur  domaine  de  vol  reduit. 

-  De  leur  performances  umitAes. 

-  De  leur  capacity  limitee  de  prAlAvement  de 
puissance  particuliArement  au  dAcollage. 

-  De  1' absence  de  servo  commandes. 


conditions  de  givrage  maximum  continu  et 
maximum  intermittent  definies  dans  1’ annexe 
C. 

b)  L' annexe  C.  Elle  fournit  les  domaines  de 
demonstrations  altitude.  temperature, 
Atendue  horizontale  maximum  du  nuage 
diaraetre  effectif  moyen  des  gouttelettes, 
concentration  en  eau  a  prendre  en 
consideration  pour  les  conditions  maximum 
continu  et  maximum  intermittent  (OF 
annexe  1 ) . 

c)  L'ACJ  25-1419.  Elle  decrit  deux  methodes  de 
conformity. 

-  Une  methode  empirique  basAe  sur  la 
pratique  courante  et  1' experience  acquise 
en  France  et  au  ROYAUMF.  UNI. 

Une  methode  globale  basees  sur  la 
pratique  courante  Amencaine. 


4.-  INSUFFISAilCE  HE  LA  REOLEHENTATIOH  ACTDELLE 

Le  developpement  recent  d'une  nouvelle 
generation  d’avions  du  type  Commuter  et 
1 '  expArience  acquise  ont  mis  en  evidence  les 
aspects  suivants  : 

Les  essais  de  certification  confirment 
1' existence  d’une  degradation  iraportante  des 
caractAristiques  aerodynamiques  :  performances 
et  qualitAs  de  vol. 


'  ) 
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l) 
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[/utilisation  en  service  montre  que  la 
meconnaissance  ou  le  non  respect  des 
procedures  assocides  £  la  presence  de  glace 
peuvent  conduire  £  des  pertes  de  contrdle 
sevdres  suivies  de  recuperations  hasardeuses 
qui  dans  un  cas  extrdme  ont  entraine  la  perte 
de  1' avion  et  de  ses  occupants. 

Pourtant  la  rdglementation  telle  qu'elle 
existe  parait  constituer  un  ensemble  coherent  et 
complet.  Pendant  de  nombreuses  anndes  elle  a  dtd 
considerde  comme  suffisante  et  parfaitement 
capable  d'atteindre  1'objectif  qui  lui  dtait 
assigne  :  garantir  une  sdcurite  suffisante. 


En  rdalitd,  cette  rdglementation,  trds 
explicite  sur  les  conditions  de  givrage  A 
dtudier  et  sur  les  demonstrations  relatives  aux 
systdmes,  reste  extrdmement  vague  sur  les 
degradations  de  performance  et  de  qualitds  de 
vol  que  l'on  peut  accepter.  A  titre  d'exemple  on 
peut  citer  le  seul  paragraphe  qui  aborde  cet 
aspect  (CF  ACJ  25-1419).  "  Where  ice  can  accrete 
on  unprotected  parts  it  should  be  demonstrated 
that  the  effect  of  such  ice  will  not  critically 
affect  the  characteristics  of  the  aeroplane  as 
regards  safety  (eg  flight,  structure  and 
flutter) .  The  ,  subsequent  operation  of 
retractable  devices  should  be  considered. 11 

Ces  insuffisances  ont  conduit  les  autoritds 
franqaises  de  certification  A  proposer  des 
textes  complementaires. 


5.-  EVOLUTION  REGLEMENTAIR£ 

5.1.  GENERALITES 

Les  objectifs  de  sdcurite  des  textes 
exrstants  dtant  parfaitement  ddfinies  le  choix 
s'est  portd  sur  le  maintient  de  ces  textes  et  le 
ddveloppement  de  moyens  d' interpretation  (Advi¬ 
sory  Material  Joint).  L'AMJ  25-1419  ainsi 
ddveloppde  s'est  en  partie  inspirde  du  contenu 
des  AMA's  525/2-x  et  525/5-x  elabordes  par  les 
autoritds  canadiennes  DOT. 


5.2.  CONTENU  DE  L'AMJ  25-1419 

5.2.1.  Gdneralites 

-  Les  conditions  atmosphdriques  sont  celles 
ddfinies  dans  1' annexe  C  des  rdglements 
FAR  25  ET  JAR  25  (CF  annexe  1). 

-  Les  phases  de  vol  significatives  sui- 
vantes  sont  prises  en  considdration. 
Ddcollage,  montde,  croisidre,  attente, 
atterrissage,  cas  de  panne.  Pour  le 
ddcollage  les  systdmes  de  ddgivrage  sont 
supposds  dtre  mis  en  route  A  400  feet, 
sauf  si  la  procddure  permet  explicite- 
ment  leur  utilisation  avant  d’atteindre 
cette  altitude. 


-  Les  essais  peuvent  dtre  effectuds  evec 
des  formes  de  givre  artificielles,  les 
resultats  ainsi  obtenus  doivent  dtre 
recoupds  par  des  essais  en  givrage 
naturel.  Les  formes  artificielles  doivent 
dtre  ddtermindes  A  partir  de  moddles  de 
calcul  valides  par  des  essais  (soufflerie 
par  exemple)  et  approuvds. 

5.2.2.  Quantitds  de  glace  accumulde 

Ddcollage  : 

Supposd  effectud  avec  une  panne  moteur  A 
VEF,  un  rapport  critique  Poussde/Poids .  La 
glace  est  accumulde  sur  1’ ensemble  des 
parties  captantes  de  1' avion  a  une 
incidence  moyenne  pendant  une  phase  de 
durde  ddterminde. 

Croisidre  -  Attente  et  Atterrissage  : 

a)  Parties  non  protdgees  de  1' avion. 
Captation  jusqu’A  une  epaisseur  maximum  de 
3  pouces  avec  des  aspdrites  de  hauteur  3  mm 
et  une  densite  de  8  A  10  grains  par  cm2. 

b)  Parties  protegees. 

Les  delais  de  mise  en  route  des  systdmes 
anti/ddgivrages,  involontaires  ou  lids  A  la 
procddure,  sont  pris  en  compte  ;  de  mdme 
que  la  glace  accumulde  pendant  un  inter¬ 
cycle  et  que  la  recongdlation  eventuelle 
(runback) . 


Cas  de  panne  : 

Lorsque  la  panne  affecte  l’efficacite  du 
systdme  de  ddgivrage  et  que  I’avion  doit 
alors  quitter  les  conditions  givrantes  la 
quantitd  supposde  de  glace  ddposee  sur  les 
parties  protdgees  est  fixee  A  1,5  cm 

Cas  particulier  du  Sand  Paper  : 

Une  forme  specifique  de  captation 
correspondent  a  une  faible  dpaisseur  et  une 
rugosite  du  type  papier  de  verre  a  etd 
utilisee  pour  qualifier  le  comportement  de 
1' avion  lors  des  manoeuvres  de  rendus  de 
mains  (push  overs).  On  salt  en  effet  par 
1' experience  sur  diffdrents  avions  tels  que 
ATR  42.  SF  340  DO  228  que  ce  type 
d'accrdtion  est  critique  pour  la  manoeuvre 
considdrde. 


5.2.3.  Essais  a  executer 

Performances  : 

Etablissement  des  vitesses  de  ddcrochage  en 
vue  du  calcul  des  nouvelles  vitesses 
opdrationnelles  associda*.  Validation  des 
marges  entre  activation  des  systdmes  de 
protection  (Stall  warning,  stick  shaker)  et 
ddcrochage.  Etablissement  des  polaires  de 
trainde. 
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Quality  de  vol  : 

CaractAristiques  de  dAcrochage.  Stabilite 
statique  longitudinale  et  latArale. 
Stability  transversale  dynanique  {Dutch 
roll).  CapacitA  de  trio.  Vibrations  et 
buffeting.  Absence  de  blocage  des  gouvernes 
(Jamming).  Changements  ,  de  configurations. 
Cooporteoent  longitudinal  sur  rendu  de  main 
aux  Unites  du  domaine  de  vol  :  n  =  og  VFE 
(Push  overs). 

5.2.4.  Essais  en  conditions  givrantes 
naturelles 

Le  but  de  ces  essais  est  de  : 

-  Valider  les  formes  artificielles  even- 
tuellement  utilisAes. 

S' assurer  que  les  degradations  de 
performances  et  de  qualites  de  vol 
observAes  avec  les  formes  artificielles 
sont  basees  sur  ces  hypotheses 
conservatives. 

Une  attention  toute  particuliAre  doit  Atre 
portae  aux  calages  des  protections  (Stall 
warning/stick  shaker)  dans  la  plus  large 
Atendue  possible  des  conditions  de  givrage 
couvrant  des  captations  allant  jusqu'A  3  cm 
sur  les  parties  protegees  et  1  cm  sur  les 
non  protegees. 


6.-  APPLICATION  DE  L'AKJ  A  LA  CERTIFICATION  DE 
L'ATR  72 

L'ATR  72  a  AtA  le  premier  avion  sur  lequel 
la  proposition  reglementaire  nouvelle  a  AtA 
appliquAe  sous  forme  de  la  condition  speciale  CS 
B6.  Les  resultats  de  cette  application  furent 
les  suivants  : 


6.1.  FORMES  DE  GIVRE  ARTIFICIELLES  UTILISEES 

Ces  formes  de  givre  couvrant  les  phases 
decollage.  croisiAre,  ...etc.  sont  dAfinies  en 
annexe  2. 


6.2.  PERFORMANCE 

6.2.1  DAcrochage  (figure  n‘3). 

Configuration  train  rentrA  volets  0*.  on 
constate  que  1' influence  des  formes  de 
givre  se  traduit  par  : 

-  Une  perte  initiale  des  courbes  Cz  =  F(a) 
qui  a  faible  incidence  est  indApendante 
de  la  forme  de  givre. 


-  Une  influence  croissante  de  la  forme  en 
fonction  de  la  sAvAritA  du  givrage. 
ConformAment  A  la  logique  la  forme 
critique  correspond  au  cas  de  panne. 
Cette  forme  particuliAre  affecte  non 
seulement  le  niveau  mais  aussi  1' allure 
de  la  courbe  A  incidence  Alevee  cwtr  >  9’. 

-  Une  perte  importante  de  CL  qui,  a  mAme 
incidence,  peut  atteindre  30  points  de 
100  CL  pour  le  cas  de  panne. 

-  Les  incidences  d' activation  du  stick 
pusher  ont  ete  choisies  pour  assurer  un 
comportement  lateral  satisfaisant  de 
1'  avion.  Les  calages  sont  tels  que 
1' activation  survient  avant  que  le  CLmax 
que  peut  developper  l'avion  soit  atteint. 
Cette  valeur  de  CLmax  au  stick  pusher 
fixe  la  vitesse  de  dAcrochage  associee 
VSlg. 
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Figure  n*  4  (configuration  volets  30°  train 
sorti)  les  conclusions  precedentes  sont 
confirmAes.  Toutefois  on  observe  une  perte 
de  100  CL  limit Ae  A  15  points  environ.  De 
plus  les  formes  de  givre  croisiAre 
conduisent  A  un  blocage  de  CLmax  pour  oref 
>8°.  La  vitesse  de  dAcrochage  VSlg  Atant 
alors  fixAe  par  cette  valeur  il  n'y  a  a 
aucun  intArAt  A  caler  le  stick  pusher  A  une 
incidence  supArieure. 
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6.3.  QUALXTES  DE  VOL 


Un  parcours  complet  des  essais  dAcrits  au 
paragraphe  5-2.3  a  AtA  effectuAe.  Les  rAsultats 
montrent  que  les  propositions  reglementaires 
sont  rAalistes  et  quo  l'exploration  des  qualitAs 
de  vol  avec  les  formes  artificielles  ne  pre  ate 
pas  de  difficulty  notable.  A  titre  d'exeople  on 
trouvera  figure  n*  5  les  resultats  d' essais  de 
"Push  overs"  executes  jusqu'4  n  =  Og  dans  la 
configuration  critique  volets  30*  train  sorti  A 
VC  voisin  de  VFE  =  150  kt  pour  differentes 
formes  de  givre. 

L’ alteration  du  moment  de  charniAre  de  la 
profondeur  est  liAe  A  1' incidence  locale  de 
1' empennage  horizontal  cu>h.  Dans  les  conditions 
de  l'essai.  cette  incidence  est  negative.  Pour 
diffArentes  pollutions  par  le  givre,  le  cas 
critique  correspond  pour  n  =  Og  4  cxph  la  plus 
faible.  On  voit  qu'A  ce  titre  le  sand  paper  est 
dimensionnant  (oph  =  -11*)  et  que  les  formes 
dAcollages  donnent  des  resultats  sensiblement 
equivalents. 

Note  :  Avec  un  braquage  de  volets  limit A  4  30*. 
l’ATR  72  Atait  exempt  du  phAnomAne  d'inversion 
d'effort  4  la  profondeur  jusqu'4  n  =  Og,  1 'avion 
etant  ou  non  polluA  par  le  givre. 


6.4.  ESSAIS  EN  OIVRACE  NATUREL 

L’ ensemble  des  essais  effectuAs  en  givrage 
naturel  est  rAsumA  dans  le  tableau  figure  n*  6. 

Les  conditions  de  captation  de  glace  poudreuse 
et  rAguliAre  (  Rime  ice)  jusqu'4  des  Apaisseurs 
de  58  mm  (  =  2,3  in)  en  simple  come  sur  les 
parties  non  protAgAes  et  intercycle  sur  les 
parties  protAgAes  ont  permis  un  balayage  complet 
des  essais  de  performances  et  qualitAs  de  vol. 
Les  rAsultats  les  plus  significatifs  sont  les 
suivants  : 

Decrochages  (CF  figure  n’7). 

Pour  les  configurations  avion  Atudiees  le 
coefficient  de  portance  CL  correspondent  au 
givrage  naturel  est,  4  toute  incidence, 
supArieur  au  CL  oblenu  avec  les  formes 
artificielles  associees.  L’ecart  est  notable  4 
forte  incidence.  De  plus  1 'alteration  observAe 
sur  la  forme  des  courbes  se  manifeste  plus  tAt 
avec  les  formes  artificielles. 

Polalres  (CF  figure  n*8). 

Le  rAsultat  est  identique,  les  Acarts  entre 
polaire  de  1' avion  non  polluA  et  de  1' avion 
pollue  par  le  givre  sont  plus  faibles  en  givrage 
naturel  que  ceux  observAs  avec  les  formes 
artificielles. 
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Qualites  de  vol. 

D'une  manidre  gdndrale,  les  qualites  de  vol 
montrent  qu’aucune  caractdristique  n'est  plus 
degradde  en  givrage  naturel  que  celle  observee 
avec  les  formes  artificielles.  Les  objectifs 
ddfinis  en  5-2.4  sont  done  atteints. 

7.‘  BILAN  DES  ESSAIS 

La  campagne  de  certification  de  l'ATR  72  en 
givrage  a  necessity  : 


-  25  vols  representant  47  heures  pour  les  essais 
avoc  formes  artificielles. 

-  li  vols  representant  35  heures  pour  les  essais 
en  givrage  naturel. 

Soit  au  total  36  vols  reprdsentant  82  heures. 

II  convient  cependant  de  reoarquer  ce  qui 
suit  : 


Vols  avec  formes  artificielles. 

Un  important  travail  de  raise  au  point  des 
generateurs  de  tourbi lions  de  voilure  et 
d' optimisation  du  seuil  de  declenchement  du 
stick  pusher  ont  dte  rendus  ndeessaires  pour 
ameliorer  le  comportement  de  1' avion  aux  hautes 
incidences.  Ce  travail  ne  peut  dtre  impute  A 
1' application  de  l'AMJ,  il  reprdsente  21  heures 
de  vol. 


Vols  en  Kivrage  naturel. 

Un  certain  nombre  d* heures  ont  du  dtre 
consacrdes  A  la  recherche.  quelquefois 
infructueuse,  de  conditions  givrantes  valables. 
Ainsi  qu'aux  essais  de  certification  des 
sy st braes  antigivrage/ddgivrage  dquipant  l'avion. 
Ces  heures  ne  peuvent  dgalement  pas  dtre 
imputdes  A  l'AMJ,  elles  reprdsentent  environ  25 
heures . 

Finalement  1' application  de  l'AMJ  entrainerait 
un  surplus  d' environ  25  heures  de  vol  avec 
formes  artificielles  et  10  heures  en  givrage 
naturel  soit  approximativeuient  35  heures  au 
total . 

Cette  quantitd  est  raisonnable  eu  egard  au  coOt 
total  d'un  programme  de  certification  complet 
(entre  1000  et  1200  heures  de  vol),  surtout  si 
on  considdre  1’ amelioration  importante  de 
securite  que  les  essais  correspondents 
apporter.t. 
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8.-  mifflim  de  L'fflj  k  d'aiitbes  atoms 

A  titre  experimental,  I'AMJ  a  6t6  appliquee 
sur  un  autre  avion  :  le  FOKKER  27  ARAT  {Avion  de 
Recherche  Atmospherique  at  de  Teledetection) .  II 
s'agit  d'un  avion  FOKKER  27  modifie  par 
adjonction  : 

-  D'une  perche  de  nez  porte  capteurs  (a.  Pp). 

-  D'une  couronne  de  capteurs  autour  du  fuselage 
avant. 

-  De  points  d'emports  de  capteurs  sous  voilure. 

Ces  modifications  sont  destinees  A  des 
mesures  au  profit  de  divers  organismes  : 

-  Ins ti tut  GAographique  National. 

-  Institut  National  des  Sciences  de  l'Univers. 

-  Groupe  de  Tdledetection  Aerienne. 

Les  principales  conclusions  qui  ont  6t6 
tirees  de  cette  etude  sont  les  suivantes  : 

-  Les  essais  de  performances  confirment 
1' influence  notable  des  formes  de  givre  sur 
les  vitesses  de  ddcrochages  (CF  figure  n*  9). 


n>'  >i 
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Les  formes  artificielles  constituent  une 
enveloppe  rdaliste  des  accretions  naturelles 
de  givre. 

Sur  cet  avion  les  qualitds  de  vol  sont 
faiblement  affectdes  par  le  givrage. 


Les  essais  de  recoupement  en  givrage  naturel 
sont  indispenisables  et  permettent  notamment 
d* avoir  une  idde  de  1' influence  du  givre  sur 
la  trainee  (CF  figure  n*  10  evolution  de  la 
vitesse  Vp  stabilisde  en  palier  A  iso 
puissance  en  fonction  de  la  quantity  de  glace 
accuoulde) . 


9.-  CONCLUSION 

Les  essais  effectues  sur  deux  avions 
comparables  du  point  de  vue  de  la  motorisation 
et  des  commandes  de  vol  mais  assez  diffdrents  du 
point  de  vue  des  formes  exterieures  tendent  4 
prouver  que  l'AMJ  25-1419  est  bien  adaptee  aux 
avions  du  type  Commuter. 


Bien  que  les  textes  correspondent  ne  sor.t 
pas  formellement  approuves  a  l'heure  actuelle  au 
niveau  des  instances  JAA,  son  application  a  des 
avions  comme  le  JETSTREAM  4100,  le  SAAB  2000,  le 
DORNIER  328  de  mdme  que  l‘A330  et  l'A340  est 
envisages  sous  forme  de  conditions  speciales. 
El J  contient  en  effet  suffisamment  d’ elements 
qui  peuvent  etre  transposes  sans  difficulty  des 
Commuters  aux  Jets.  Bien  entendu  il  est 
necessaire  de  tenir  compte  des  particularites  de 
ces  derniers  et  plus  specialement  des  systemes 
de  protection  en  incidence. 

Dans  l'esprit  de  ses  auteurs  l'AMJ  25-1419 
represente  une  exigence  susceptible  d'apporter 
une  meilleure  garantie  de  security  du  vol  en 
conditions  givrantes. 
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ANNEXE?.!^ 


DEFINITION  DES  CONDITIONS  MAXIMUM  CONTINU  ET  MAXIMUM  INTERMITTENT 
(ANNEXE  C  DES  REGLEMENTS  JAR  25  ET  FAR  25) 


1.-  MAXIMUM  CONTINU 


Altitude  Presaion  : 

0  s  Zp  S  22  000  feet 

Temperature  extdrieure  : 

-  30  S  Ta  i  0*C 

Etendue  verticale  maximum  du  nuage  : 

6  500  feet 

Etendue  horizon  tali’  maximum  du  nuage  : 

17. 4  NM 

Diamdtre  effectif  moyen  des  gouttelettes  : 
15  s  s  *10  micron' 

Concentration  en  eau  : 

0.05  S  c  S  0,8  g/m3 


2.-  MAXIMUM  INTERMITTENT 

Altitude  Presaion  : 

9  000  i  Zp  S  22  000  feet 

Temperature  extdrieure  : 

-  30  S  Ta  s  0‘C 

Etendue  horizontale  maximum  du  nuage  : 

2.6  m 

liametre  effectif  moyen  des  gouttelettes  : 
15  £  £  50  microns 

Concentration  en  eau  : 

0.15  s  C-s  2.9  g/m3 


ANNEXE  2 


CONDITIONS  DE  CALCUL  DES  FORMES  ART1FICIELLES  DE  GIVRE  SUR  ATR  72 


1. -  FORMES  DECOLLAGE  (les  systdmes  de  protection 

etant  inoperants), 
z  3  Oft 
SAT  =  -4*C 
C  *  0.55  g/p3 

diamdtre  des  gouttelettes  =  ~0JJ 
VC  3  81  kt  onr  3  1* 

pendant  ot  3  60  sec 
VC  3  126  kt  orcf  =  V 
pendant  ot  =  120  sec 

2. -  FORMES  CROISIERE 

2. 1  Parties  non  protdgdes 

zp  =  15000  rt  SAT  3  -12*C 
diamdtre  des  gouttelettes  3  20^ 

VC  croisidre  max  230  kt 

C  3  0,38  g/m3  ot  3  35  on  (e  3  3in  max) 

2.2  Partie  protegdes 

zp  3  15000  ft  SAT  =  -20*C 
diamdtre  des  gouttelettes  3  20JJ 

VO  croisidre  max  230  kt 

Maximum  intermittent  C  *  1,7  gr/m3 
ot  3  ?4  sec 


3.-  CAS  DE  PANNE 

Les  conditions  sont  les  mimes  que  pour  les 
parties  non  protdgces  en  croisidre  mais  pour  un 
temps  d’ exposition  rooitid  ot  3  17  mn. 


FORMES  "POSH  OVERS’1  sur  parties  protegees. 

Configuration  atterrissage 

VC  3  90  kt  Zp  3  5000  ft  SAT  3  -  4’C 

Diamdtre  des  gouttelettes  20JJ 

Maximum  intermittent 

C  3  2,42  g/ra3  ot  3  60  sec 

5.-  RUGOSITE  DES  FORMES. 

Pour  les  accumulations  importantes 
(e  3  3in)  : 

hauteur  des  grains  3  mm 
densitd  8  A  10  par  cm2 

Pour  les  accumulations  faibles  (e  <  5  mm): 

hauteur  des  grains  1  mm 
densitd  8  d  10  par  cm2 


Maximum  continu 
ot  3  146  sec 


C  3  0.2  gr/m3 


M.G.Potapczuk  and  JJ.Reinmann 
NASA  Lewis  Research  Center 
Mail  Stop  77-10 
Cleveland,  Ohio  44135 
United  States 


Summary 

This  paper  is  a  survey  of  the  current  methods  for 
simulation  of  the  response  of  an  aircraft  or  aircraft  sub- 
j  system  to  an  icing  encounter.  The  topics  discussed 

include:  1)  computer  code  modeling  of  aircraft  icing  and 
performance  degradation,  2)  evaluation  c,f  experimental 
facility  simulation  capabilities,  and  3)  ice  protection  sys¬ 
tem  evaluation  tests  in  simulated  icing  conditions.  Cur¬ 
rent  research,  which  is  focussed  on  upgrading  simulation 
fidelity  of  both  experimental  and  computational  meth¬ 
ods,  is  discussed.  The  need  for  increased  understanding 
of  the  physical  processes  governing  ice  accretion,  ice 
shedding,  and  iced  airfoil  aerodynamics  is  e  »  amined. 

1.  Introduction 

The  safe  operation  of  an  aircraft  under  icing  condi¬ 
tions  is  a  topic  of  current  interest  in  the  aerospace  com¬ 
munity.  A  need  for  development  of  icing  simulation 
methods  has  been  identified  by  aircraft  manufacturers 
and  certification  authorities  alike.1  Reinmann,  etal.2 
identified  several  reasons  for  the  current  interest  in  icing; 
'(1)  the  more  efficient  high  by-pass  ratio  engines  of 
today  and  the  advanced  turboprop  engines  of  tomorrow 
have  limited  bleed  air  for  ice  protection,  so  the  airframers 
are  seeking  more  efficient  systems;  (2)  airfoil  designers 
do  not  want  their  modem,  high-performance  surfaces 
1  contaminated  with  ice,  so  they  are  intensifying  pressure 

to  develop  ice  protection  systems  that  minimize  residual 
ice  and  thereby  allow  the  airframer  to  keep  airfoil  surface 
area  to  the  minimum;  (3)  new  military  aircraft  requiring 
severe  weather  capability  are  currently  under  develop- 
,  ment;  (4)  some  existing  military  aircraft,  being  used  pri¬ 

marily  for  training  missions,  are  experiencing  foreign 
;  object  damage  (FOD)  due  to  icing  conditions  they  would 

}  not  normally  encounter  in  combat;  (5)  designers  of  high 

;  perfv  irmance  military  aircraft  want  to  avoid  burdening 

v  the  aircraft  with  ice  protection,  so  they  want  to  know 

where  and  how  much  ice  will  build  on  the  aircraft  and 
whether  the  aeroperformance  penalties  are  acceptable; 
(6)  aligners  of  future  high  performance  aircraft  with 
,  relaxed  static  stability  need  to  know  how  their  aircraft 

will  perform  with  contaminated  aerodynamic  surfaces; 

■  (7)  little  is  known  about  the  effects  of  ice  accretion  on  the 


operation  and  performance  of  advanced  turboprops,  and 
whether  or  not  ice  protection  will  be  required;  and  (8)  the 
FAA  has  certified  only  one  civilian  helicopter  for  flight 
into  forecasted  icing,  which  implies  a  strong  need  for 
support  of  helicopter  icing.’ 

Satisfying  these  needs  can  require  lengthy  and 
expensive  flight  test  programs  if  unassisted  by  icing  sim¬ 
ulation  methods.  Additionally,  finding  icing  conditions 
over  the  full  certification  icing  envelope  can  not  be  done 
within  a  reasonable  time  frame.  Thus,  various  methods 
for  simulation  of  icing  conditions  are  an  important  and 
necessary  part  of  the  design  and  certification  of  aircraft 
and  ice  protection  systems. 

Initial  efforts  at  icing  simulation  look  place  in  the 
late  1920’s  and  early  30’s.  These  activities  arc  described 
in  References  3-8.  World  War  II  precipitated  an  urgent 
need  for  research  into  icing  simulation  and  ice  protection 
system  design.  In  the  United  States,  this  led  the  National 
Advisory  Committee  for  Aeronautics,  NACA,  to  build 
the  Icing  Research  Tunnel  (IRT)  at  the  Lewis  Research 
Center  in  Cleveland,  Ohio  during  the  early  1940’s.  Initial 
activities  in  the  IRT  covered  a  broad  range  of  icing  prob¬ 
lems.  Many  of  these  included  the  development  of  ice  for¬ 
mations  on  aerodynamic  sutfaces  and  the  evaluation  of 
aerody nam  ic  performance  degradation.  A  complete  bib¬ 
liography  of  the  NACA  research  activities  during  this 
period  is  available  as  a  NASA  TM.9 

Icing  simulation  activities  have  increased  dramati¬ 
cally  during  the  period  from  the  late  1970’s  to  today.  f 

Wind  tunnel  and  flight  research  has  been  conducted  by  *; 

many  organizations  in  North  America  and  Europe.  In  ^ 

addition,  the  advent  of  high  speed  computer  systems  has  ■( 

allowed  the  development  of  sophisticated  computer  sim-  i* 

illations  of  ice  accretion  processes  and  resulting  perfor-  | 

mance  degradation.  As  a  result,  a  new  role  has  been  1  j 

created  for  wind  tunnel  and  flight  research,  that  is  devel-  ^ 

opment  of  code  validation  databases.  ,'f 

Despite  the  long  history  of  icing  research,  there  still  |J 

remains  a  significant  number  of  unresolved  issues  in  the  it 

process  of  icing  simulation.  These  issues  range  from  the  if 

fundamental  physics  of  the  icing  process  to  the  mecha-  || 

nisms  underlying  the  ice  removal  process.  The  ability  of  || 

the  aerospace  community  to  predict  the  effects  of  aircraft  hM 

icing  and  the  performance  of  potential  ice  protection  sys-  M 

terns  will  be  strengthened  by  addressing  these  issues  and  ,1 

f£ 
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incorporating  an  increased  understanding  of  the  icing 
process  into  simulation  efforts.  This  paper  seeks  to  iden¬ 
tify  the  issues  of  current  icing  simulation  research  and  to 
suggest  how  current  simulation  methods  might  be 
improved. 

2.  The  Physics  of  Icing  and  Ice  Protection 

2.1  Ice  accretion  physics 

Icing  occurs  when  an  aircraft  encounters  a  cloud 
containing  super-cooled  water  droplets,  which  impact 
aerodynamic  surfaces  and  freeze,  forming  non-aerody- 
namic  shapes  on  these  surfaces.  Incoming  water  droplets 
can  vary  in  size  from  2  or  3  microns  to  over  40  microns. 
Typically,  smaller  droplets  tend  to  follow  the  airflow  over 
the  surface  while  larger  droplets  follow  more  straight- 
line  paths  to  the  surface.  Upon  impact  on  the  aircraft  sur¬ 
face,  the  water  droplets  can  either  freeze  immediately  or 
exist  as  a  water/ice  mixture.  These  two  conditions  are 
dependent  on  environmental  parameters  such  as,  temper¬ 
ature  and  cloud  liquid  water  content  (LWC),  and  on  air¬ 
craft  surface  conditions  such  as,  skin  temperature  and 
surface  roughness. 

The  basics  of  the  ice  accretion  process,  as  described 
above,  have  been  known  for  some  time.  However,  there 
arc  details  of  the  process  which  are  still  not  completely 
understood.  Recent  research  in  these  areas  has  focused 
on  development  of  alternatives  to  the  physical  model  cur¬ 
rently  used  in  ice  accretion  codcs.The  current  model  was 
proposed  by  Messinger10  nearly  forty  years  ago  and 
includes  the  following  concepts:  in  rime  icir.g  conditions 
(i.e.  air  temperatures  well  below  freezing  and  low  LWC 
values),  all  cloud  droplets  freeze  upon  impact  with  the 
surface.  In  glaze  icing  conditions  (i.e.  air  temperatures 
close  to  freezing  and  high  LWC  values),  only  a  fraction 
of  the  water  will  freeze  upon  impact,  and  the  remainder 
will  run  back.  The  close-up  photography  of  Olsen  and 
Walker,11  as  shown  in  Figure  1,  indicates  that  some  frac¬ 
tion  of  the  water  which  remains  in  the  liquid  state  after 
impact  may  not  runback  along  the  surface,  as  is  currently 
assumed.  This  water  may  remain  in  pools  formed  by  the 
surrounding  ice,  thus  requiring  an  alteration  of  the  cur¬ 
rent  model  of  the  ice  growth  process.  Splashing  of 
incoming  water  droplets12,13  may  occur  under  certain 
conditions,  which  could  result  in  less  water  on  the  sur¬ 
face  than  indicated  by  droplet  trajectory  calculations.  It 
is  also  suspected  that  the  initial  conditions  of  the  icing 
process  may  have  a  significant  impact  on  the  subsequent 
ice  growth.  Factors  such  as  the  initial  surface  roughness, 
the  surface  tension  at  the  air-water-airfoil  interface,  the 
water  droplet  size,  and  the  boundary  layer  transition 
location  can  all  influence  the  final  ice  shape,12,13 

Following  up  on  Olsen’s  work,  Hansman,  et  al. 14 
further  studied  the  icing  process.  Figure  2  shows  the  test 


setup  used  to  observe  ice  growth  on  a  cylinder.  By  illu¬ 
minating  the  ice  surface  with  a  laser  sheet,  they  con¬ 
structed  a  time  history  of  the  ice  profile  (shown  in  the 
middle  diagram).  This  sequence  of  profiles  suggested  a 
three  zone  heat  transfer  model  that  differed  significantly 
from  the  Messinger  model.  Hansman’s  model  attempts  to 
account  for  the  changing  conditions  on  the  airfoil  surface 
by  tying  the  transition  from  the  smooth  to  rough  region 
to  the  boundary  layer  transition. 

It  is  hoped  that  by  understanding  the  ice  accretion 
process  more  completely,  some  of  the  empiricism 
present  in  current  icing  models  may  be  eliminated.  This 
should  result  in  more  robust  models  providing  simulation 
of  the  icing  process  over  a  broader  range  of  the  icing 
envelope. 

2.2  Iced  airfoil  aerodynamics 

Ice  accretions  on  the  wing  leading  edge  lead  to 
increases  in  drag,  decreases  in  lift,  changes  in  the 
moment  distribution,  a  decrease  in  the  value  of  Cl,™*, 
and  a  decrease  in  the  stall  angle.  These  effects  are  due  to 
a  change  in  the  pressure  distribution  on  the  wing  and  to 
increased  viscous  losses. 

From  the  point  of  view  of  effects  on  aerodynamics, 
ice  growths  have  two  relevant  length  scales.  Ice  growth 
structures  on  the  scale  of  the  boundary  layer  height  can 
be  considered  as  roughness  elements.  Structures  larger 
than  the  boundary  layer  height  and  on  the  order  of  the  air¬ 
foil  thickness  influence  the  aerodynamics  in  different 
ways  and  are  typically  referred  to  as  ice  shapes  or  ice 
caps. 

Ice  shapes  can  result  in  changes  in  the  pressure  dis¬ 
tribution  over  the  airfoil,  development  of  separated  flow 
regions,  early  transition  of  the  boundary  layer,  and  pre¬ 
mature  stall.  Ice  roughness  can  result  in  thickening  and 
early  transition  of  the  boundary  layer,  alterations  to  the 
pressure  distribution,  and  increased  drag.  Both  types  of 
ice  growth  can  lead  to  a  decrease  in  maximum  lift 

The  results  of  Ingelman-Sundberg,  et  al.15suggcst 
that  ice  roughness  can  result  in  a  decrease  in  Cl  max  and 
that  a  glaze  ice  shape  can  result  in  an  even  larger  decrease 
for  single-element  airfoils.  Their  results  also  indicate  that 
roughness  and  ice  caps  produce  approximately  tire  same 
level  of  change  in  Cl  max  for  high  lift  configurations. 
Potapczuk  and  Berkowitz16  have  measured  the  changes 
in  lift,  drag,  and  pitching  moment  for  a  two-dimensional 
model  of  a  Boeing  737-200  ADV  wing  section,  in  both 
cruise  and  high-lift  configurations,  as  ice  accumulated  on 
the  surface.  Their  results  indicated  continual  increases  in 
the  effects  of  ice  accumulation  on  drag.  The  changes  to 
lift  and  pitching  moment  were  not  evident  until  the  angle 
of  attack  was  varied  from  the  condition  at  which  the  ice 
was  accumulated. 
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It  is  difficult  to  establish  any  clear  trends  applicable 
to  all  icing  encounters,  however,  it  is  safe  to  say  that  the 
degree  of  aerodynamic  degradation  due  to  icing  is  depen¬ 
dent  on  airfoil  geometry  and  attitude,  ice  accretion  time, 
and  icing  cloud  conditions.  As  a  consequence  of  this 
dependence,  it  if.  apparent  that  simulation  of  iced  airfoil 
aerodynamics  is  necessary  to  thoroughly  evaluate  the 
behavior  of  a  given  aircraft  encountering  icing  condi¬ 
tions. 

The  changes  in  airfoil  aerodynamics  due  to  icing 
apply  equally  to  helicopter  rotors.  Bond  et  al.17  has 
shown  that  rotor  icing  can  lead  to  increases  in  rotor 
torque  on  the  order  of  25  to  50  percent.  Additional  results 
indicate  that  ice  shedding  events  can  reduce  rotor  torque 
by  5  to  10  percent  temporarily,  thus  producing  loading 
transients  which  can  increase  system  vibration.  Asym¬ 
metric  ice  shedding  can  pose  a  considerable  problem  due 
to  out-of-balance  conditions  which  may  lead  to  high 
vibratory  loads  on  the  rotor  system.18 

2.3  Ice  Protection  Systems 

There  are  two  approaches  to  aircraft  protection  from 
icing;  anti-icing  and  de-icing.  Anti-icing  is  the  preven¬ 
tion  of  ice  growth  on  critical  aircraft  lifting  surfaces, 
while  de-icing  is  the  removal  of  accumulated  ice  before 
significant  degradation  of  aircraft  performance.  Anti¬ 
icing  methods  provide  the  greatest  safety  factor  but 
require  the  greatest  amount  of  energy.  De-icing  methods 
on  the  other  hand  may  provide  appropriate  safety  with 
lower  energy  requirements. 

Either  approach  to  ice  protection  may  be  imple¬ 
mented  in  a  number  of  ways.  There  are  essentially  three 
categories  of  ice  protection  techniques:  chemical, 
mechanical,  and  thermal.  Chemical  methods  typically 
consist  of  exuding  some  type  of  material  on  the  wing  sur¬ 
face  that  mixes  with  the  ice  and  depresses  the  freezing 
point.  Mechanical  methods  utilize  various  devices  that 
break  the  ice-wing  surface  bond  by  imparting  a  strain  or 
an  impulse  to  the  outer  structure  of  the  wing.  Thermal 
methods  melt  or  evaporate  the  ice  by  heating  the  wing 
surface  through  a  variety  of  methods. 

The  conventional  approach  for  protection  of  com¬ 
mercial  transport  vehicles  for  the  past  thirty  years  has 
been  anti-icing  through  the  use  of  hot  compressor  bleed 
air.  Hot  air  flowing  inside  the  wing  raises  the  temperature 
of  the  leading  edge  above  a  level  which  will  allow  ice  to 
form  on  the  surface.  Usually  the  temperature  of  the  lead¬ 
ing  edge  is  high  enough  to  evaporate  any  water  on  the 
surface.  This  prevents  runback  water  from  refreezing  on 
the  wing  surface  aft  of  the  heated  area. 

But  more  recently,  as  jet  engine  manufacturers  have 
begun  increasing  engine  by-pass-ratios  to  achieve  higher 
efficiencies,  the  engine  cores  have  become  smaller  and 
the  amount  of  hot  bleed  air  available  for  anti-icing  has 


shrunk  significantly.  First  priority  for  bleed  air  is  given  to 
cabin  pressurization  and  air  conditioning,  lb  cope  with 
this  loss  of  bleed  air,  airframers  are  either  eliminating  ice 
protection  from  selected  components,  or  considering 
alternatives  to  compressor  bleed  air.  Attractive  alterna¬ 
tives  are  more  energy-efficient  deicing  systems  that 
allow  some  ice  buildup  before  actuating  the  deicer.  Heli¬ 
copters,  general  aviation  aircraft,  and  light  transports,  all 
with  relatively  small  payload  fractions  and  low  power 
margins,  have  always  relied  on  these  more  efficient  ice 
protection  systems. 

As  alternate  ice  protection  methods  are  incorporated 
into  aircraft  designs,  there  will  be  a  need  to  simulate  their 
capabilities  either  computationally  or  in  ground  testing 
facilities  such  as  icing  wind  tunnels.  It  therefore  will  be 
necessary  to  fully  understand  these  experimental  simula¬ 
tion  activities. 

3.  Analytical  Simulation  Methods 

Analytical  icing  simulation  has  been  based  on  a  combi¬ 
nation  of  correlations,  computer  codes,  and  theoretical 
models  of  the  icing  process  and  its  consequences.  This 
section  will  discuss  some  of  the  current  methods  used  for 
modeling  ice  accretion,  aeroperformance  degradation, 
and  ice  protection  system  performance.  For  further  infor¬ 
mation  on  recent  progress  in  analytical  modeling  see  the 
report  by  Shaw,  etal.19 

3.1  Ice  Accretion  Computer  Models 

Ice  accretion  codes  have  been  developed  by  several 
researchers.20'23  Typically,  these  codes  calculate  the 
flowfield  surrounding  the  airfoil,  determine  the  droplet 
impingement  pattern,  and  calculate  the  amount  and 
shape  of  ice  that  grows  on  the  surface.  Results  of  these 
codes  are  compared  to  ice  shape  tracings  from  tests  in 
icing  wind  tunnels.  Comparisons  to  flight  data  have  also 
been  performed,24  but  are  not  as  common  due  to  the  dif¬ 
ficulty  in  obtaining  actual  in-flight  ice  shapes. 

Current  ice  accretion  models  are  based  on  the  con¬ 
trol  volume  approach,  such  as  that  of  Messinger.10  In  this 
model,  a  mass  balance  and  energy  balance  are  performed 
in  order  to  determine  the  amounts  of  water  that  either 
freeze  or  runback  along  the  surface  to  the  next  control 
volume.  This  control  volume  approach  is  depicted  in  Fig¬ 
ure  3.  The  key  factors  influencing  the  ice  growth  in  this 
model  are  the  mass  of  incoming  water  from  the  cloud  and 
from  the  upstream  control  volume,  the  convective  heat 
flux,  and  the  heat  flux  into  the  surface  at  the  ice-body 
interface. 

The  ability  to  accurately  calculate  the  incoming 
water  from  the  cloud  has  been  demonstrated  quite  con¬ 
vincingly  by  several  comparisons  between  calculation 
and  experiment.  The  accuracy  of  these  methods  is  deter- 
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mined  by  evaluating  the  local  collection  efficiency  calcu¬ 
lation  along  the  surface  of  the  airfoil.  The  local  collection 
efficiency,  in  a  2D  sense,  is  defined  as  the  ratio  of  the  ver¬ 
tical  distance  between  two  particles  at  the  upstream 
release  point  to  the  distance  along  the  airfoil  surface 
between  their  impact  points.  An  example  of  the  collec¬ 
tion  efficiency  calculation  is  shown  in  Figure  4,  where 
the  calculated  value  along  the  surface  of  a  NAC  A  65-015 
airfoil  is  shown  to  agree  quite  closely  with  experimental 
results. 

The  convective  heat  flux  is  influenced  by  the  devel¬ 
opment  of  the  boundary  layer  on  the  rough  iced  airfoil 
surface.  As  such,  the  pressure  distribution,  roughness 
level,  and  transition  location  all  play  an  important  roll  in 
the  ice  growth  process.  Currently  these  effects  are 
accounted  for  by  correlations  between  the  heat  transfer 
coefficient  and  the  cloud  icing  conditions.  A  typical 
example  is  found  in  the  roughness  correlation  in 
LEWICE  21  the  ice  accretion  code  developed  by  NASA. 

Hansman,  et  al.14  has  indicated  an  alternate 
approach  which  tries  to  incorporate  more  of  the  physics 
of  the  process,  as  it  is  currently  understood.  His  results 
have  shown  a  marked  improvement  for  cases  of  ice 
accretion  on  cylinders.  Figure  5  shows  a  comparison  of 
calculations  using  LEWICE  with  the  original  ice  accre¬ 
tion  model  and  with  Hansman’s25  updated  model.  The 
updated  analysis  and  experiment  agree  remarkably  well. 
This  multizone  model  is  undergoing  further  study  and 
refinement,  especially  regarding  surface  roughness  and 
its  effect  on  heat  transfer  and  transition  location. 

Most  computer  codes  treat  the  heat  flux  into  the  sur¬ 
face  as  a  specified  constant  value  during  the  entire  simu¬ 
lation.  This  constant  is  normally  taken  to  be  zero  thus 
prescribing  an  insulated  boundary.  However,  heat  flux 
into  the  airfoil  surface  may  play  an  important  role  in  the 
development  of  the  ice  shape,  especially  in  the  initial 
moments  of  the  ice  accretion.  This  possibility  along  with 
the  desire  to  model  thermal  de-icing  systems  has  led  to 
the  development  of  computational  methods  for  evaluat¬ 
ing  the  heat  transfer  between  the  ice  and  the  underlying 
airfoil  structure.  These  models  will  be  discussed  more 
fully  in  the  section  on  ice  protection  system  simulation. 

Until  recently,  these  computer  models  have  been 
strictly  two  dimensional,  calculating  ice  shapes  for 
chord-wise  slices  along  a  wing  surface.  Three  dimen¬ 
sional  ice  accretion  codes  are  currently  under  develop¬ 
ment  as  extensions  of  the  well  established  2D  methods. 
Potapczuk  and  Bidwell26  have  calculated  the  ice  growth 
on  a  MS-317  wing  section  with  30°  sweep  angle.  Guf- 
fond  has  calculated  ice  growth  on  the  tip  of  a  helicopter 
rotor.27  These  efforts,  while  promising,  require  further 
development  before  use  as  an  engineering  tool. 

A  recent  research  activity  has  been  the  coupling  of 
the  ice  accretion  code  with  methods  for  evaluation  of  the 


performance  degradation  due  to  icing.  Cebeci28  has  cou¬ 
pled  a  two-dimensional  interactive  boundary  layer  (IBL) 
method  with  the  LEWICE  ice  accretion  code  in  order  to 
simulate  the  entire  icing  process.  Figure  6,  taken  from 
Shin  et  al.,29  shows  the  results  for  several  icing  condi¬ 
tions.  The  most  encouraging  aspect  of  this  calculation  is 
the  ability  of  the  code  to  determine  the  drag  rise  at  tem¬ 
peratures  just  below  freezing.  The  results  for  the  ice 
shape  comparison  agree  quite  well.  The  differences 
between  the  code  and  experiment  for  the  actual  drag  val¬ 
ues  suggest  that  the  method  requires  further  refinement 

3.2  Performance  Degradation  Computer  Models 

Determination  of  an  aircraft’s  response  to  an  icing 
encounter  requires  the  evaluation  of  performance 
changes  resulting  from  a  wide  variety  of  ice  accretion 
shapes.  This  necessitates  the  use  of  an  extensive  series  of 
tests  either  in  fl  ight  or  in  a  wind  tunnel.  In  either  case,  the 
use  of  appropriate  computational  methods  could 
decrease  the  amount  of  required  testing  and  thus 
decrease  the  cost  and  time  requirements  of  the  certifica¬ 
tion  process.  As  such,  computer  codes  currently  being 
used  for  evaluation  of  clean  or  un-iced  aircraft  are  being 
adapted  for  use  in  evaluation  of  icing  performance  deg¬ 
radation. 

Until  recently,  performance  changes  for  iced  airfoils 
have  been  computed  using  empirical  correlations  such  as 
those  of  Gray,20  Bragg,  and  Flemming  et  al..32  These 
methods  work  well  over  a  restricted  set  of  environmental 
conditions,  but  are  not  adequate  for  general  use  by  poten¬ 
tial  aircraft  designers.  As  a  result,  computer  codes  have 
also  been  developed  to  evaluate  the  changes  in  perfor¬ 
mance  of  airfoils,  wings,  and  rotors  due  to  the  presence 
of  ice  on  critical  surfaces. 

Cebeci28  has  used  the  IBL  code  to  evaluate  the  per¬ 
formance  degradation  of  a  NACA  0012  airfoil  with  a 
simulated  leading  edge  ice  shape.  Comparisons  of  the 
IBL  results  with  Bragg’s  wind  tunnel  data33  are  shown  in 
Figure  7.  These  results  indicate  that  the  IBL  method  can 
determine  the  aerodynamic  losses  associated  with  ice 
growth  on  an  airfoil  up  to  stall.  Further  work  with  the 
IBL  method  has  involved  coupling  with  the  LEWICE  ice 
accretion  code,  as  mentioned  previously.  An  interesting 
result  of  this  work  is  that  the  roughness  parameters  used 
in  the  ice  accretion  calculation  were  not  the  same  values 
used  in  the  viscous-flow  drag  calculation.  There  is  some 
linkage  between  the  role  of  ice  roughness  level  in  heat 
transfer  and  in  boundary  layer  development  Further 
study  is  required  to  determine  the  influence  of  roughness 
on  the  ice  growth  process  as  well  as  on  the  iced  airfoil 
boundary  layer  development 

Navier-Stokes  calculations,  while  requiring  more 
computer  time,  reveal  interesting  details  of  the  iced  air¬ 
foil  aeiodynamics  not  produced  by  the  IBL  method. 


Potapczuk34  has  used  the  ARC2D  code  with  a  modified 
algebraic  turbulence  model  to  calculate  the  flowdeld  for 
the  same  iced  N  AC  A  00 1 2  geometry  that  was  us  jd  in  the 
IBL  calculations.  Results,  also  shown  in  Figure  7,  indi¬ 
cate  good  agreement  with  data  even  beyond  the  stall  con¬ 
dition.  The  structure  of  the  recirculation  zone  aft  of  the 
ice  shape  was  also  examined  and  compared  to  the  mea¬ 
surements  of  Bragg,35  as  shown  in  Figure  8.  These 
results  reveal  that  the  reverse  flow  velocity  is  not  calcu¬ 
lated  properly.  Use  of  a  more  appropriate  grid  or  alter¬ 
ation  of  the  turbulence  model  may  be  required. 
Additionally,  results  from  investigations  of  Bragg  and 
Khodadoust,36  and  Zaman  and  Potapczuk37  suggest  that 
there  may  be  significant  flow  unsteadiness  as  this  iced 
airfoil  approaches  stall. 

The  recirculation  zone  in  the  region  aft  of  the  ice 
shape  results  in  complicated  flow  structures  which  arc 
fundamentally  three-dimensional  in  nature.  An  effort  has 
begun  to  calculate  the  flowfield  for  a  swept  wing  geom¬ 
etry  with  ice  on  the  leading  edge.  Kwon  and  Sankar38 
have  used  a  3D  Navier-Stokcs  code  to  evaluate  the  aero¬ 
dynamics  of  a  finite  span  wing  model  with  a  NACA  0012 
profile  and  a  30°  sweep  angle.  Figure  9  shows  particle 
traces  obtained  from  their  calculation  for  an  8°  angle  of 
attack  condition.  The  traces  show  the  separated  flow  con¬ 
dition  that  occurs  behind  the  ice  shape  and  increases  in 
size  from  the  root  to  the  tip  of  the  wing.Their  result,  for 
clean  and  iced  conditions  agree  quite  well  with  the  exper¬ 
imental  results  of  Khodadoust  and  Bragg.39  Figure  10, 
which  shows  the  comparison  of  spanwise  lift  distribution 
for  these  two  conditions,  supports  the  promising  results 
from  this  simulation  effort. 

3 3  Ice  Protection  System  Models 

Ice  protection  systems  have  also  been  modeled  com¬ 
putationally.  Analysis  methods  for  thermal  systems  are 
the  most  advanced.  Both  hot  air  systems  and  electrother¬ 
mal  systems  have  been  modeled  successfully.  There  have 
been  fewer  reported  results  from  analysis  efforts  for 
mechanical  systems.  However,  some  recent  activity  in 
this  area  suggests  that  these  systems  will  also  be  mod¬ 
elled  computationally  in  the  future. 

Al-Khalil,  ct  al.  used  a  3D  potential  flow  code,  a 
3D  particle  trajectory  code,  and  a  control  volume  energy 
analysis  to  evaluate  a  hot  air  anti-icing  system  for  an 
engine  inlet.This  method  holds  the  potential  for  optimi¬ 
zation  of  hot  air  ice  protection  systems. 

Electrothermal  systems  have  been  modeled  using 
finite-difference  methods  by  Keith,  et  al..41  An  electro¬ 
thermal  system  consists  of  an  array  of  electric  heater  ele¬ 
ments  embedded  under  the  outer  skin  of  the  wing 
surface.  The  heater  elements  are  activated  during  an 
icing  encounter  with  enough  current  to  melt  the  ice  that 
may  form  on  a  wing  surface.  A  typical  2D  model  of  an 


electrothermal  heater  element  is  shown  in  Figure  1 1.  The 
model  simulates  the  thermal  behavior  of  the  composite 
structure  and  ice  layer.  Results  indicate  that  temperature 
traces  at  the  ice-skin  interface,  heater  base,  and  substrate 
base  agree  well  with  measured  values.  Current  work  by 
Wright,  et  al.42  in  this  area  is  centered  on  combining  this 
analysis  with  ice  accretion  predictions  in  order  to  provide 
a  tool  for  the  evaluation  of  electrothermal  anti-/de-icing 
system  performance. 

Development  of  methods  for  evaluation  of  mechan¬ 
ical  ice  protection  systems  is  just  beginning  with  some 
initial  work  on  ice  structural  properties  described  in  Ref¬ 
erences  43-45.  Computational  methods  to  predict  FOD 
(i.e.  shed  ice)  damage  to  engine  blades  are  also  under 
development.  The  ability  to  determine  the  damage  result¬ 
ing  from  various  sizes  and  shapes  of  shed  ice  will  greatly 
enhance  de-icing  system  design. 

A  mechanical  system  that  has  been  evaluated  com¬ 
putationally  is  the  Pneumatic  Impulse  Ice  Protection 
(PUP)  system.  The  PIIP  system  relies  on  rapid  inflation 
of  pneumatic  tubes  embedded  the  wing  surface.46  The 
pneumatic  impulse  causes  a  displacement  of  the  surface 
which  combined  with  the  surface  acceleration,  cracks, 
debonds,  and  expels  the  ice.  Ramamurthy,  et  al.47  used  a 
time  dependent,  compressible  flow  model  for  internal 
duct  flow  to  model  this  ice  protection  system.  Results  to 
date  have  been  encouraging  however  further  work  is 
required. 

4.  Experimental  Simulation  Methods 

The  remainder  of  this  paper  will  discuss  approaches 
to  experimental  icing  simulation,  a  topic  that  includes 
both  experimental  facilities  and  the  testing  done  in  them. 
The  prevalent  approaches  are  as  follows: 

•  testing  in  icing  wind  tunnels; 

•  testing  in  engine  test  cells  that  can  produce  super¬ 
cooled  clouds; 

•  testing  in  outdoor  ground-level  spray  facilities 
that  can  produce  supercooled  clouds  during  the 
winter, 

•  testing  in  environmental  chambers  that  can  pro¬ 
duce  subfreezing  air  temperatures  and  super¬ 
cooled  clouds; 

•  flight  testing  behind  aircraft  spray  tankers 
equipped  with  water  tanks  and  spray  booms  to 
produce  supercooled  clouds;  and 

•  testing  with  replicated  or  simulated  ice  shapes. 

References  which  contain  comprehensive  surveys  of 
all  icing  facilities  in  Europe  and  North  America,  and 
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brief  descriptions  of  three  new  icing  wind  tunnels  in 
North  America  are  contained  in  section  4.1.3. 

Principal  applications  of  experimental  icing  simula¬ 
tion  include  testing  of  full-scale  and  sub-scale  aircraft 
components,  developing  advanced  ice  protection  sys¬ 
tems,  conducting  basic  research  cm  the  icing  process  and 
on  the  fundamental  properties  of  ice,  establishing  empir¬ 
ical  data  bases  and  correlations,  and  developing  and  val¬ 
idating  analytical  models  or  computer  codes. 

4.1  Icing  Simulation  Facilities 

The  need  to  produce  both  repeatable  and  predictable 
icing  test  conditions  for  the  evaluation  of  computer  codes 
and  ice  protection  systems,  has  led  to  the  development  of 
specialized  icing  test  facilities.  The  following  discussion 
centers  on  the  requirements  for  and  issues  surrounding 
facilities  designed  to  simulate  the  natural  icing  environ¬ 
ment  under  controlled  test  conditions. 

4.1.1  Icing  Wind  Tunnels  and  Test  Cells 

Icing  wind  tunnels  and  engine  test  cells  undoubtedly 
offer  the  most  versatile  approaches  to  icing  testing.  It 
generally  costs  much  less  to  test  components  in  an  icing 
wind  tunnel  than  in  flight,  and  conditions  can  be  much 
more  closely  controlled  and  repeated.  In  icing  tunnel 
testing,  productivity  is  high  and  the  safety  risk  is  very 
low.  But  there  definitely  is  an  appropriate  role  for  flight 
testing,  and  that  role  will  be  discussed  later. 

A  schematic  of  the  closed-loop  NASA  Icing 
Research  Tunnel  (IRT)  is  shown  in  Figure  12.  In  addition 
to  having  all  the  systems  of  a  conventional  dry  air  tunnel, 
an  icing  tunnel  has  two  unique  systems:  a  water  spray 
system  that  injects  water  droplets  into  the  airstream  to 
create  a  supercooled  cloud  and  a  refrigeration  system  and 
heat  exchanger  that  cools  the  air  to  temperatures  as  low 
as  minus  30°F.  The  heat  exchanger  is  in  the  leg  just 
upstream  of  the  spray  bars.  Closed-loop  refrigerated  tun¬ 
nels  can  “dial  in  the  weather”  any  time  of  the  year  and  are 
therefore  very  productive.  For  example,  in  1988,  the 
NASA  IRT  logged  1330  hours  of  test  time,  making  it  one 
of  NASA’s  most  productive  tunnels. 

Some  icing  tunnels  bring  in  subfreezing  outside  air 
to  supply  the  cooling.  Since  they  are  restricted  to  operat¬ 
ing  only  in  the  winter,  their  productivity  is  lower,  and  it 
is  much  harder  to  achieve  a  systematic  and  reproducible 
test  program  in  them. 

The  heat  exchanger  and  spray  systems  in  icing  wind 
tunnels  introduce  unique  operational  challenges.  First, 
the  air  temperature  and  velocity  profiles  must  remain 
uniform  across  the  test  section  for  the  several  hours  that 
tests  usually  require,  even  though  as  time  progresses  the 
heat  exchanger  surfaces  capture  aid  freeze  out  the  water 
injected  by  the  spray  system.  Second,  the  cloud  must  be 
uniform  over  the  test  section.  Third,  the  cloud  must  con¬ 


sist  of  supercooled  droplets  and  no  ice  particles.  Fourth, 
the  spray  system  must  be  capable  of  reproducing  nature’s 
wide  range  of  liquid  water  contents,  droplet  size  spectra, 
and  droplet  median  volumetric  diameters  (MVD).  MVD 
is  defined  as  the  diameter  where  half  of  the  volume  of 
water  is  contained  in  droplets  with  diameters  smaller  (or 
larger)  than  this  diameter.  And  fifth,  the  icing  cloud  and 
air  temperature  must  be  repeatable  and  controllable  to 
within  fairly  close  tolerances.  In  practice,  no  icing  tunnel 
fully  meets  these  requirements,  but  good  tunnels  do  a 
reasonable  job  of  approximating  them.48 

Another  critical  challenge  for  icing  tunnels  is  the 
accurate  measurement  of  the  supercooled  cloud  proper¬ 
ties.  LWC  can  be  measured  to  within  about  ±10  percent. 
But  the  accuracy  of  droplet  sizing  instruments  is  not 
known  precisely,  and  inaccuracies  greater  than  ±2 
microns  are  probably  typical  for  MVD’s  from  10  to  40 
microns.49  Finally,  methods  to  detect  ice  particles  in  a 
cloud  are  primitive,  and  methods  of  quantifying  the 
amount  of  ice  in  a  cloud  are  not  yet  available. 

Engine  test  cells  are  used  to  evaluate  the  ice  accre¬ 
tion  patterns  that  may  develop  on  engine  inlets,  to  inves¬ 
tigate  the  effects  of  the  icing  environment  on  engine 
operations  and  performance,  and  to  evaluate  the  perfor¬ 
mance  of  engine  ice  protection  systems.  Engine  test 
facilities  are  of  two  types:  sea-level  test  stands  and  alti¬ 
tude  test  cells.  The  former  having  the  advantage  of  large 
size  and  the  ability  to  examine  crosswind  icing,  while  the 
latter  has  the  advantage  of  being  able  to  test  over  a  wide 
range  of  Mach  numbers,  pressure  altitudes,  and  inlet  con¬ 
ditions  without  regard  to  prevailing  weather. 

The  General  Electric  icing  test  facility  in  Peebles, 
Ohio,  is  an  outdoor  engine  test  stand  located  downstream 
of  a  large,  free  jet  wind  tunnel.  A  schematic  of  the  facil¬ 
ity,  taken  from  Reference  51,  is  shown  in  Figure  13.  The 
facility  has  been  used  to  test  the  icing  characteristics  of 
several  full-scale  engines.  The  facility  is  designed  to  pro¬ 
duce  supercooled  water  droplets  of  15  to  50  micron 
diameter  at  LWC  levels  ranging  from  0.4  to  3.6  g/m3. 
The  facility  is  also  designed  to  produce  these  conditions 
at  temperatures  of  -20°  to  0°  C.  The  temperature  condi¬ 
tions  are  of  course  dependent  on  the  ambient  tempera¬ 
ture. 

The  lack  of  altitude  pressure  capabilities  for  this 
facility  necessitates  the  development  of  adjustments  to 
engine  variables  or  to  test  variables  such  as  LWC,  drop 
size,  and  liquid/air  mass  flow  ratios  in  order  to  simulate 
flight  conditions.  The  facility  is  also  limited  to  humidity 
conditions  prevalent  in  the  atmosphere  during  the  sched¬ 
uled  test  period.  In  order  to  increase  the  number  of  test 
opportunities  available  in  this  facility  a  set  of  scaling 
laws  would  be  useful  in  order  to  adjust  controllable 
parameters,  thus  allowing  simulation  of  alternate  flight 
conditions. 
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Altitude  test  facilities  provide  the  capability  to  per¬ 
form  engine  icing  tests  under  conditions  similar  to  those 
experienced  in-flight  Examples  of  altitude  icing  facili¬ 
ties  are  the  AEDC  Engine  Icing  Test  Facility  at  Tblla- 
homa,  Tennessee,  USA;52  the  icing  test  cells  at  the 
National  Gas  Thrbine  Establishment  (NGTE)  at  Pye- 
stock,  UK;53  and  the  Centre  d’Essais  des  Propulseurs 
(CEPr)  at  Orsay,  France.54  A  schematic  of  the  free  jet 
icing  test  cell  at  AEDC,  taken  from  Reference  52,  is 
shown  in  Figure  14.  This  arrangement  Is  typical  of  the 
engine  icing  test  cells. 

Testing  in  altitude  test  cells  generally  consists  of 
determination  of  ice  accretion  patterns  on  engine  compo¬ 
nent  surfaces,  ice  protection  system  evaluation,  and 
engine  icing  damage  assessment  Since  the  engine  mod¬ 
els  used  in  such  facilities  are  generally  not  full-scale,  the 
question  of  scaling  plays  a  predominant  role  in  determin¬ 
ing  test  conditions.  Typically,  all  the  scaling  parameters 
necessary  for  complete  similitude  cannot  be  satisfied 
during  a  single  test.  Hence,  there  is  a  need  to  develop  test 
programs  to  evaluate  the  relative  importance  of  scaling 
parameters  in  order  to  relax  some  of  the  constraints  on 
engine  icing  tests.  Ruff  55  and  Bartlett56  provide  a  more 
detailed  discussion  of  similitude  for  engine  icing  tests. 

4.1.2  In-flight  Icing  Simulators  -  Spray  Tinkers 

Although  computer  simulations  and  icing  tunnel 
testing  are  important  steps  in  an  icing  program  and  hold 
the  promise  for  an  increased  role  in  the  future,  flight  test¬ 
ing  of  the  full-scale  aircraft  is  still  an  essential  step  in 
achieving  icing  certification  or  qualification.  Before 
launching  into  an  extensive  flight  test  program  in  natural 
icing,  it  is  sometimes  advantageous  to  precede  flights  in 
natural  icing  with  flights  behind  a  spray  tanker. 

Icing  flight  testing  behind  a  spray  tanker  offers 
important  benefits:  first,  it  offers  a  safety  advantage 
because  the  pilot  can  fly  the  test  aircraft  out  of  the  cloud 
and  terminate  the  test  if  he  encounters  any  problems;  sec¬ 
ond,  it  can  save  development  time  and  costs  by  providing 
cloud  conditions  that  rarely  occur  in  nature,  yet  are  con¬ 
ditions  in  which  the  aircraft  must  be  certified  or  qualified 
(such  as  higher  LWC’s  or  larger  MVD’s);  and  third,  it 
serves  to  uncover  major  equipment  problems  that  should 
be  fixed  before  undertaking  an  extensive,  expensive,  and 
high  risk  flight  test  program  in  natural  icing 

Producing  a  supercooled  cloud  with  an  in-flight 
spray  tanker  and  calibrating  that  cloud  presents  all  the 
challenges  found  in  an  icing  tunnel  plus  some  others.  For 
example,  the  outside  air  humidity  profoundly  affects  the 
cloud  droplet  size.  Dryer  air  causes  the  smaller  droplets 
to  evaporate,  and  since  any  humidity  from  zero  to  100 
percent  is  possible  on  any  flight,  it  is  difficult  or  impos¬ 
sible  to  achieve  predetermined  MVD’s  or  LWC’s.  Thus, 
before  each  immersion  of  the  test  aircraft  in  the  cloud, 


another  aircraft  equipped  with  cloud  instruments  must 
fly  through  the  cloud  to  measure  its  conditions.  A  further 
challenge  for  tanker  spray  systems  is  to  provide  the  copi¬ 
ous  supplies  of  high  pressure  air  required  by  the  nozzles 
to  produce  the  smaller  droplets  typically  found  in  nature 
(10  to  40  microns  MVD).  Or  conversely,  the  challenge  is 
to  develop  a  nozzle  that  can  produce  the  smaller  droplets 
with  lower  air  pressures  and  flows.  Nozzle  research  for 
the  special  needs  of  the  spray  tankers  is  ongoing.57  If 
nozzles  are  developed  that  make  small  droplets  with 
lower  air  pressures  and  flows,  they  will  also  be  advanta¬ 
geous  for  wind  tunnels  and  engine  test  cells,  because 
lower  nozzle  air  pressures  will  result  in  less  droplet 
freeze-out. 

Some  of  the  general  aviation  airplane  manufacturers 
use  one  of  their  own  aircraft  as  a  spray  tanker,  but  the  two 
best  known  spray  tankers  in  the  United  States  belong  to 
the  military:  the  Air  Force’s  KC 135  spray  tanker  and  the 
U.S.  Army’s  Helicopter  Icing  Spray  System  (HISS). 

The  Air  Force’s  spray  tanker  is  a  KC-i35  aircraft 
equipped  with  a  2000  gallon  water  tank  and  a  new  square 
spray  boom  that  extends  below  the  aircraft’s  tail.  The  test 
aircraft  flies  50  to  100  feet  behind  the  boom,  and  depend¬ 
ing  upon  the  distance  behind  the  boom,  the  cloud  size 
ranges  from  about  5  to  10  feet  square.  Most  testing  is 
done  at  aircraft  speeds  from  150  kt  to  300  kt  indicated. 
The  tanker  is  used  primarily  for  icing  tests  of  engines,  but 
it  is  also  used  for  tests  of  windshields,  control  surfaces, 
missile/aircraft  interface  launches,  missiles,  and 
radomes. 

The  Army’s  HISS  tanker  is  a  Boeing  Chinook  CH 
47  D  helicopter  that  carries  an  1800  gallon  water  tank 
and  a  rectangular  spray  boom  that  drops  down  below  the 
Chinook  after  the  ship  is  airborne.  The  test  aircraft  flies 
about  180  feet  behind  the  boom,  where  the  cloud  size  is 
approximately  8  feet  high  by  36  feet  wide.  Most  testing 
is  done  at  aircraft  speeds  from  80  to  130  kt  true.  The 
HISS  is  used  for  testing  both  helicopters  and  low-speed 
fixed-wing  aircraft.58  Typical  tests  for  helicopters 
include  main  rotors,  tail  rotors,  engine  inlets,  fuselages, 
stabilators,  droop  stops,  windshields,  antennas,  external 
stores,  airspeed  sensors,  production  ice  detectors,  optical 
system  sensors  (pilot  night  vision,  and  target  data  acqui¬ 
sition),  refueling  booms,  external  hoists,  and  various 
mission  equipment  exposed  to  the  airstream. 

As  part  of  an  overall  program  to  assess  Army  and 
NASA  cloud  measurement  systems,  NASA  flew  their 
Twin  Otter  icing  research  aircraft  behind  the  HISS59  in 
order  to  acquire  main  wing  ice  shape  and  drag  data  for 
clouds  with  large  MVD’s,  a  condition  that  is  rare  in  nat¬ 
ural  icing  around  the  Great  Lakes  area  where  the  Twin 
Otter  is  stationed.  Figure  15  shows  main  wing  ice  shapes 
and  drag  values  for  two  different  conditions;60  first,  a 
flight  in  natural  icing  with  a  16  micron  MVD  cloud,  and 
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second  a  flight  behind  the  HISS  with  a  35  micron  MVD 
cloud.  The  HISS  cloud,  with  the  larger  drop  size,  pro¬ 
duced  a  greater  extent  of  ice  coverage  and  a  wing  section 
drag  coefficient  about  25  percent  higher. 

4.0  Surveys  of  Icing  Simulation  Facilities 

Many  aircraft  icing  simulation  facilities  exist  world¬ 
wide.  In  1981,  Olsen61  published  a  survey  of  icing  simu¬ 
lation  facilities  in  North  America.  Two  excellent  surveys 
of  these  facilities  are  listed  in  AGARD  References  62, 
and  63.  AGARD  AR-166,  surveyed  all  the  facilities  in 
Europe  and  North  America  as  of  198 1 .  In  1986,  AGARD 
AR-223  amended  the  earlier  AR-166  to  delete  those 
facilities  removed  from  service  and  to  add  new  facilities 
developed  since  1981. 

In  February  1991,  the  Society  for  Automotive  Engi¬ 
neers  (S  AE)  sent  panel  members  of  the  SAE  AC-9C 
Activity  AC-9C-90-1  a  questionnaire  intended  to 
obtained  a  comprehensive  description  of  all  aircraft  icing 
facilities  in  Europe  and  North  America.  One  goal  of  the 
survey  is  to  determine  how  facilities  are  presently  cali¬ 
brated.  The  activity  also  has  a  goal  to  determine  if  some 
reliable  and  easily  performed  calibration  methods  could 
be  established  that  would  allow  all  facilities  to  be  com¬ 
pared  on  a  common  basis. 

Since  1986,  three  new  facilities  were  added  in  the 
United  States.  Fluidync  in  Minneapolis,  Minnesota, 
USA,  modified  a  transonic  wind  tunnel  to  include  an 
icing  spray  system.64  The  tunnel  uses  outside  air  during 
the  winter  to  obtain  the  subfreezing  temperatures.  The 
test  section  is  22  in.  x  22  in.,  with  Mach  numbers  up  to 
0.8.  This  tunnel  offers  the  potential  for  obtaining  ice 
shapes  and  aeropcrformancc  data  on  full-scale  helicopter 
rotor  blade  sections. 

The  BFGoodrich  Deicing  Systems  Group  in  Union- 
town,  Ohio,  USA,  brought  on  line  in  1989,  a  new  icing 
tunnel.65  The  test  section  is  22  in.  x  44  in.,  with  airspeeds 
up  to  200  mph.  This  facility  also  includes  a  cold  room 
that  allows  researchers  to  move  icing  samples  from  the 
test  section  to  the  cold  room  where  they  can  be  stored  or 
studied  further. 

The  Boeing  Mechanical  Systems  Laboratory  in 
Seattle,  Washington,  USA,  is  bringing  on  line  the  Boeing 
Research  Aerodynamic/Icing  Tunnel  (BRAIT).  The 
BRAIT  will  have  three  test  section  sizes:  5  ft  x  8  ft  (150 
kt  max  airspeed),  4  ft  x  6  ft  (250  kt  max  airspeed),  and 
2.4  ft  x  4.4  ft  (350  kt  max  airspeed).  The  spray  system 
will  be  removable  for  dry  air  testing.  The  tunnel  is  sched¬ 
uled  to  begin  testing  in  March  1992.  Boeing  estimates 
that  the  use  of  their  new  tunnel  will  save  them  up  to  one 
million  dollars  for  each  new  airplane  they  certify  for 
icing. 


4.2  Icing  Testing  Techniques 

Icing  testing  can  be  performed  in  facilities  such  as 
those  described  above  and  in  addition  can  be  done  in  con¬ 
ventional  facilities  such  as  dry  air  wind  tunnels.  In  this 
section,  several  types  of  test  programs  will  be  described 
in  order  to  illustrate  the  range  of  experimental  methods 
used  to  understand  the  icing  process  and  to  demonstrate 
the  efficacy  of  ice  protection  systems. 

4.2.1  Ice  Accretion  Physics 

Icing  tunnels  are  a  good  place  to  study  the  funda¬ 
mental  processes  of  ice  accretion  because  they  control 
and  repeat  conditions  quite  well.  As  mentioned  previ¬ 
ously,  Olsen  and  Walker10  observed  the  icing  process  in 
the  NASA  IRT  with  close-up  movies.  These  movies 
revealed  accretion  phenomena  for  glaze  ice  quite  differ¬ 
ent  from  that  container!  in  the  currently  used  analytical 
model  for  ice  accretion.  These  differences  were  dis¬ 
cussed  in  the  analysis  section  above. 

In  addition  to  the  close-up  movies,  Olsen  examined 
the  structure  of  the  ice  deposits,  the  effect  of  ice  shape  on 
droplet  catch,  ice  roughness  effects,  the  effect  of  initial 
surface  flow  on  the  resulting  ice  shape,  and  the  effect  of 
droplet  shedding.  Olsen  also  discussed  the  use  of  plastic 
replicas  of  the  ice  shapes,  developed  during  previous 
testing,66  to  evaluate  the  local  heat  transfer  coefficient  in 
a  dry  air  wind  tunnel.  This  illustrates  the  inter-relation¬ 
ship  between  testing  in  an  icing  facility  and  in  a  dry  air 
wind  tunnel.The  techniques  used  in  Olsen’s  test  program 
illustrate  the  type  of  information  relating  to  ice  accretion 
physics  which  may  be  obtained  in  an  icing  test  facility. 

Personne67  examined  the  effects  of  roughness  on  the 
type  of  ice  developed  on  cylinders.  He  found  that  for  low 
airspeeds  (less  than  20  m/s)  surface  roughness  increases 
the  droplet  collection  efficiency.  He  also  suggests  that 
rime  ice  roughness  levels  are  due  to  the  random  nature  of 
droplet  trajectories  caused  by  increased  airstream  turbu¬ 
lence  near  the  surface. 

4.2,2  Icing  Effects  on  Aerooerformance 

A  n  important  aspect  of  icing  simulation  is  the  exper¬ 
imental  measurement  and  analytical  prediction  of  ice 
accretions  and  their  effects  on  wing  aerodynamics.  The 
combined  use  of  icing  wind  tunnels  and  conventional  dry 
air  tunnels  has  proven  effective  in  studying  the  effects  of 
ice  on  airfoil  aeroperformance.  When  conventional  tun¬ 
nels  are  employed  to  study  icing  effects,  the  ice  is  simu¬ 
lated  by  attaching  a  replica  of  an  ice  shape  to  the  airfoil’s 
leading  edge.  Ice  replicas  are  obtained  by  several  meth¬ 
ods  as  discussed  below. 

The  best  method  for  obtaining  detailed  replicas  of 
leading  edge  ice  is  from  silicone  rubber  molds,  which 
replicate  both  the  ice  shape  and  its  surface  texture.68 
Once  the  female  mold  is  made,  epoxy  resin  is  poured  into 
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the  mold  to  form  a  casting  of  the  ice.  In  a  second  method, 
chordwise  cross  sections  of  the  ice  are  obtained  by  melt¬ 
ing  a  thin  cut  in  the  ice  around  the  leading  edge,  inserting 
a  template  in  the  cut,  and  drawing  an  outline  of  the  ice  on 
the  template.  A  third  method  uses  mono  or  stereographic 
photos  to  obtain  ice  shapes. 

Ice  replicas  are  typically  made  from  wood,  styro¬ 
foam,  or  epoxy  resin.  Sometimes  the  airfoil  is  machined 
or  molded  to  coordinates  that  include  the  shape  of  the 
leading  edge  ice.  Unless  the  surface  texture  is  obtained 
from  silicone  rubber  molds,  some  method  of  adding  sur¬ 
face  roughness  is  needed.  Roughness  can  be  added  for 
example,  by  applying  sand  grain  or  by  roughing  up  the 
surface  with  a  knurling  tool. 

Ice  replicas  are  used  in  conventional  wind  tunnels 
for  several  reasons:  (1)  the  icing  tunnel  in  which  the  ice 
was  formed  may  not  have  the  necessary  force  balances  or 
flow  quality  to  make  good  aerodynamic  measurements; 
(2)  making  pressure  measurements  in  a  cold,  moist  cloud 
environment  doesn’t  work  well;  (3)  real  ice  sublimates 
and  sometimes  rust  or  dirt  circulating  in  the  tunnel 
erodes  the  ice,  so  unless  the  aerodynamic  measurements 
are  done  quickly,  the  ice  shape  and  surface  roughness 
will  change  during  the  tests;  (4)  ice  replicas  allow  the  test 
to  be  repeated  as  many  times  as  necessary  to  get  good 
aeroperformance  data;  and  (5)  in  the  case  where  the 
experimental  aeroperformance  data  base  is  to  be  used  for 
code  validation,  ice  replicas  machined  or  molded  to  pre¬ 
cise  coordinates  on  an  airfoil  will  allow  the  flow  codes  to 
model  the  exact  airfoil  shape  used  in  the  wind  tunnel  test 

As  part  of  their  landmark  study  of  icing  and  its  aero¬ 
dynamic  effects,  the  Swedish-Soviet  Working  Group  on 
Flight  Safety  conducted  testing  in  a  Soviet  icing  tunnel 
and  a  Swedish  dry  air  tunnel  to  study  the  effects  of  wing 
and  tail  ice  on  aircraft  stability.  In  one  study,  they  tested 
several  configurations  of  a  2D,  four-element  wing  sec¬ 
tion  (1  m  chord),  including  advanced  high-lift  devices. 15 
And  in  another  study,  they  tested  two  swept  tailplane 
configurations  with  flaps.69  The  airfoils  were  tested  in 
the  Special  Wind  Tunnel  T-4  at  the  Research  Institute  of 
the  Ministry  of  Civil  Aviation,  USSR.  The  tunnel  cross 
section  was  1.5  x  2.0  m,  and  its  speed  range  was  10  to  70 
m/s.  The  tunnel  was  equipped  with  a  spray  system  and 
used  outside  air  below  0°C  for  cooling.  In  setting  the 
tunnel  icing  conditions,  the  Soviets  applied  approximate 
icing  scaling  relations  to  relate  model  test  conditions  to 
full-scale  conditions.  Very  detailed  female  silicone  rub¬ 
ber  molds  were  made  of  the  ice  accretions.  In  Sweden, 
the  molds  were  attached  to  airfoils,  and  epoxy  resin  was 
poured  into  the  molds  to  form  detailed  replicas  of  the  ice 
shapes.  The  airfoils  with  the  ice  replicas  were  then  tested 
in  the  3.6m  diameter  FFA  conventional  dry  air  wind  tun¬ 
nel  in  Sweden.  These  dry  air  tunnel  tests  produced  a 
comprehensive  set  of  curves  of  lift,  drag,  and  moment  for 


several  angles  of  attack  up  to  and  beyond  stall,  and  for 
various  flap  and  slat  configurations.  The  Waking  Group 
also  reported  results  where  they  used  emery  paper  to  sim¬ 
ulate  frost  (k/c  =  1/1300)  in  the  conventional  wind  tunnel 
tests.  Figure  16,  taken  from  Reference  15,  shows  the 
effect  on  C^alpha)  and  Cl^jx  of  ice  shapes  correspond¬ 
ing  to  icing  in  cruise  but  with  trailing  edge  flaps 
extended. 

Olsen,70  in  a  comprehensive  study  in  the  NASA  IRT, 
systematically  varied  key  icing  tunnel  and  cloud  param¬ 
eters  to  obtain  a  series  of  ice  shapes  and  resulting  drag 
coefficients  for  a  NACA  0012, 21  in.  chord  airfoil  (Fig¬ 
ure  17).  Recently,  Olsen’s  data  was  compared  with  pre¬ 
dictions  made  by  a  version  of  LEWICE  modified  to 
include  the  interactive  boundary  layer  (IBL)  method  that 
predicts  lift,  drag,  and  pitching  moment  of  the  iced  air¬ 
foil.29  The  experimental  data  used  in  the  IBL/LEWICE 
comparisons  were  from  runs  made  at  several  air  temper¬ 
atures,  while  holding  cloud  conditions  and  airspeed  con¬ 
stant.  As  revealed  in  Figure  18,  air  temperature  strongly 
affects  ice  shape  and  its  resultant  drag,  especially  just 
below  the  freezing  point.  Figure  6  compares  the  IBL/ 
LEWICE  predictions  with  the  temperature  sweeps. 

Potapczuk  and  Berkowitz16  tested  a  2D,  five-ele¬ 
ment  airfoil,  in  four  different  configurations  (Figure  19), 
in  the  NASA  IRT.  The  airfoil  was  a  two-dimensional  sec¬ 
tion  of  the  Boeing  737-200  ADV  aircraft  wing  that  Boe¬ 
ing  had  used  earlier  as  part  of  their  ground  de/anti-icing 
fluids  evaluation  in  the  NASA  IRT.  The  airfoil  was 
mounted  between  two  splitter  walls,  each  of  which  con¬ 
tained  a  turntable  for  varying  the  angle  of  attack  and  a 
force  balance  for  measuring  lift,  drag,  and  pitching 
moments.  Performa\.,v  characteristics  were  measured  at 
a  given  angle  of  atuffc  hiring  the  ice  accretion  process 
and  then  over  a  range  of  angle  of  attack  conditions  after 
the  accretion  process  was  complete.  All  test  equipment, 
including  the  data  acquisition  systems,  were  provided  by 
Boeing. 

Their  results  indicate  the  change  in  stall  mechanism 
that  can  occur  due  to  the  presence  of  ice  on  leading  edge 
surfaces.  As  seen  in  Figure  20,  the  Cl  vs.  alpha  curve  has 
a  much  lower  Cl  max  value  and  the  slope  of  the  curve 
beyond  Cl,*!*  changes  dramatically.  These  differences 
suggest  a  change  from  trailing  edge  stall  to  leading  edge 
stall.  Changes  of  this  sort  can  remain  undetected  at  cruise 
conditions,  yet  could  cause  severe  problems  during  take¬ 
off  or  landing. 

Flemming32tested  several  modem  helicopter  airfoils 
in  the  National  Research  Council’s  icing  tunnel  in 
Ottawa,  Canada.  The  chord  of  the  airfoils  was  about  6  in. 
Silicon  rubber  molds  were  made  for  many  of  the  ice 
shapes.  The  NRC  tunnel  was  chosen  because  it  could  be 
ran  to  about  Mach  0.7,  which  is  representative  of  the 
Mach  numbers  near  the  tip  of  a  helicopter  rotor.  Flem- 


ming  used  the  data  to  develop  an  empirical  correlation 
for  lift,  drag,  and  pitching  moment  changes  caused  by 
icing.  He  has  used  these  results  in  the  Sikorsky  General¬ 
ized  Rotor  Performance  Code  (GRP)  to  predict  full-scale 
helicopter  torque  rises  and  lift  loss,  and  more  recently 
has  used  the  correlations,  with  some  modifications,  to 
predict  the  performance  of  a  sub-scale  model  rotor  that 
was  tested  in  the  NASA  IRT.71  These  sub-scale  model 
rotor  tests  are  described  in  a  recent  report  by  Flem¬ 
ming.72 

The  aerodynamics  of  modem  swept  wing  aircraft  is 
dominated  by  three  dimensional  effects.  As  mentioned 
earlier,  NASA  is  developing  3D  flow  codes  that  can 
model  the  flow  over  swept,  finite  length  wings  with  lead¬ 
ing  edge  ice.  To  validate  the  flow  codes,  NASA  has  spon¬ 
sored  a  parallel  experimental  program  in  a  dry  air  wind 
tunnel72  to  obtain  a  comprehensive  data  base  on  the 
aeroperformancc  of  swept,  finite  length  wings  with  ice 
replicas  on  the  leading  edge.  Figure  21  shows  a  30° 
swept  wing  model  in  a  dry  air  wind  tunnel.  The  ice  rep¬ 
lica  can  be  seen  in  the  edge-on  view.  The  wind  tunnel  has 
the  ability  to  remove  the  boundary  layer  through  side- 
wall  suction  at  the  wing  root  The  model  is  heavily 
instrumented  for  surface  pressures  and  is  attached  to  a 
three  component  force  balance  in  the  wind  tunnel  wall. 
Flow  diagnostics  include  laser  velocimetry  and  helium 
bubble  seeding  and  tracking.  Some  typical  results  from 
this  effort  were  discussed  earlier  in  section  3.2. 

Erot^Qn-Systems  Testing 

Icing  tunnels  are  used  to  develop  and  test  aircraft  ice 
protection  systems,  which  include  pneumatic  boot  deic¬ 
ers,  porous  leading  edge  fluid  deicers,  electrothermal 
deicers,  electrothermal  evaporative  and  running-wet 
anti-icers,  hot  air  evaporative  anti-icers,  pneumatic 
impulse  deicers,  and  electro-mechanical  impulse  deicers. 
These  systems  apply  to  wings,  tails,  rotor  blades,  propel¬ 
lers,  and  engine  inlets. 

When  considering  new  ice  protection  systems,  air- 
framers  are  looking  for  systems  that  offer  some,  or  all,  of 
the  following  improvements:  lower  weight;  lower  power 
consumption;  acceptable  aero-penalties  that  in  some 
cases  may  require  ice  thicknesses  not  to  exceed  0.040  in.; 
more  reliable  operation;  lower  maintenance  time  and 
costs;  easily  retrofitted  to  existing  components;  not 
dependent  on  compressor  bleed  air;  and  more  economi¬ 
cal  to  manufacture. 

4,23.1  Mechanical  Impulse  Deicers 

In  their  search  for  alternatives  to  compressor  bleed 
air  and  energy-intensive  electrothermal  and-icing  sys¬ 
tems,  airframers  are  considering  the  pneumatic  impulse 
and  electro-mechanical  impulse  deicer  systems  now 
under  early  development  by  the  ice  protection  system 


manufacturers.46, 74-76  Impulse  systems  have  pulse  times 
less  than  a  millisecond  and  surface  accelerations  up  to 
1000  g’s,  imparting  forces  strong  enough  to  shatter,  deb¬ 
ond,  and  expel  the  ice.  The  impulse  systems  require  min¬ 
imal  power  (i.e.  on  the  order  of  the  aircraft’s  landing  light 
power)  and  they  have  the  potential  for  maintaining  ice 
thicknesses  very  thin,  both  before  and  after  actuation. 

In  testing  impulse  deicers  the  following  parameters 
are  measured  to  characterize  deicer  performance:  (1) 
maximum  size  of  shed  ice  particles  for  a  given  ice  thick¬ 
ness  and  pulse  energy;  (2)  minimum  thickness  of  ice  that 
can  be  removed  for  a  given  pulse  energy;  (3)  amount, 
texture,  and  height  of  residual  ice  remaining  on  the  sur¬ 
face  before  and  after  deicer  actuation;  (4)  energy  per  unit 
arc?  or  per  unit  span  length  required  for  one  deicer  actu¬ 
ation;  and  (5)  weight  per  unit  area  of  deicer  coverage.76 

In  evaluating  deicer  performance,  the  systems  must 
be  tested  under  the  full  range  of  expected  icing  condi¬ 
tions.  Experience  has  shown  that  two  conditions  give 
impulse  deicers  the  most  trouble:  near-freezing  condi¬ 
tions  that  produce  soft,  mushy  ice  with  water  between  the 
ice  and  deicer  surface;  and  cold,  rime  icing  conditions 
that  cause  the  ice  to  adhere  strongly  to  the  deicer  sur¬ 
face.75,  77  Knowledge  of  shed  ice  size  would  be  essential 
if  a  deicer  were  to  be  used  on  a  jet  engine  inlet,  because 
engine  fan  blades  would  be  damaged  if  the  engine  were 
to  ingest  ice  particles  greater  than  a  prescribed  size  as 
determined  by  the  engine  manufacturer. 

Power  usage  is  so  low  for  any  these  impulse  systems 
that  airframers  compare  them  primarily  on  the  basis  of 
weight,  complexity,  ease  of  installation,  maintainability, 
and  aerodynamic  penalties  caused  by  the  system  installa¬ 
tion  and  by  the  surface  ice  before  and  after  deicer  actua¬ 
tion. 

Figure  22  contains  a  sequence  of  photos,  from  recent 
low  power  de-icing  tests  in  the  NASA  IRT,77  that  capture 
an  ice  shedding  event  by  means  of  high  speed  videogra- 
phy.  Events  can  be  captured  at  speeds  up  to  6000  frames 
per  second  on  special  video  tapes.  These  tapes  can  be 
examined  frame  by  frame  with  motion  analysis  software 
coupled  to  a  micro-computer.  This  allows  the  size  of  the 
largest  particles  shed  during  an  actuation  to  be  estimated 
and  the  ice  breakup  process  in  the  airstream  to  be  fol¬ 
lowed.  Special  image  processing  software  is  being  devel¬ 
oped  to  automate  the  estimation  of  particle  sizes  and 
possibly  to  obtain  size  spectrums  as  well. 

4.23.2  Water  Runback  in  Thermal  Ice  Protection 

Thermal  deicers  or  anti-icers  are  still  the  most  prev¬ 
alent  types  of  ice  protection  systems  used  on  aircraft  If 
these  systems  are  overwhelmed  in  severe  icing,  or  if  in 
the  case  of  deicers,  their  on/off  timing  sequences  are 
improperly  adjusted,  water  in  the  form  of  rivulets  can  run 
back  beyond  the  heaters  and  refreeze.  Enough  runback 


water  could  accumulate  over  time  to  cause  aerodynamic 
performance  or  stability  problems,  or  ice  could  shed  and 
be  swept  downstream  to  damage  aircraft  or  engine  com¬ 
ponents.  Thus,  ice  protection  manufacturers  are  begin¬ 
ning  to  develop  water  runback  and  refreeze  models  for 
their  ice  protection  analysis  and  design  codes.  For  exam¬ 
ple,  see  Reference  78  for  runback  modeling  of  hot  bleed 
air  anti-icers.  There  does  not  appear  to  be  extensive 
experimental  icing  data  for  use  in  validating  the  runback 
models,  but  more  work  on  development  of  this  database 
is  planned. 

4.2.3.3  Heat  and  Mass  Transfer  from  Wet  Surfaces 

Thermal  anti-icers  evaporate  water  that  impinges  on 
the  airfoil  leading  edge.  In  general,  impinging  droplets 
are  not  evaporated  immediately  upon  impact,  but  rather 
the  water  forms  a  thin  film  that  is  heated  and  evaporated 
in  the  process  of  flowing  downstream  along  the  heated 
surface.  Heat  transfer  correlations  for  air  flowing  over 
dry  airfoil  surfaces  are  readily  available  to  the  manufac¬ 
turers,  but  correlations  for  heat  and  mass  transfer  over 
wet  airfoil  surfaces  are  not  adequate.  This  is  an  area 
where  experimental  research  is  still  required  to  support 
validation  of  computer  models  for  evaporative  anti-icing 
systems. 

4.2.4  Special  Techniques  for  Rotorcrnft 

Only  one  civilian  helicopter,  the  French  Super 
Puma,  is  certified  in  the  United  States  for  flight  into  fore¬ 
casted  icing  conditions.  It  took  approximately  ten  years 
of  flight  testing  in  natural  icing  to  receive  the  FAA’s  cer¬ 
tification. 

The  U.S.  rotorcraft  industry  estimates  that,  if  flight 
testing  in  natural  icing  is  the  only  acceptable  means  for 
certification,  it  would  cost  about  IS  million  dollars  to 
certify  a  helicopter  to  the  full  FAA,  Part  25,  Appendix  C 
criteria.  This  cost  is  prohibitively  high. 

For  several  years,  NASA  and  the  U.S.  rotorcraft 
industry  have  been  engaged  in  a  joint  effort  to  develop 
new  methods  of  reducing  the  cost  and  time  needed  to  cer¬ 
tify  and  qualify  U.S.  rotorcraft  for  icing. 

These  methods  include  (1)  computer  codes  that  reli¬ 
ably  predict  full-scale  rotor  performance  in  icing  and  (2) 
experimental  techniques  for  testing  sub-scale  model  heli¬ 
copter  rotors  in  the  IRT  to  acquire  data  for  validating  the 
codes  and  to  develop  a  better  understanding  of  the  effects 
of  icing  on  rotor  performance. 

The  methods  derived  from  these  studies  will  also 
advance  the  state-of-the-art  for  predicting  the  effects  of 
ice  accretion  and  shedding  for  the  advanced  ducted  pro¬ 
pellers  and  other  thrusting  devices. 


4.2.4.1  Sub-scale  Model  Rof  w.1  Testing  in  Icing  Wind 
Tbnnel 

Figure  23  shows  a  sub-scale  helicopter  model  being 
tested  in  the  IRT.  The  model,  consists  of  a  helicopter  fuse¬ 
lage,  four  NACA  0012  blades  (4.9-in.  chord,  6-ft  diam.), 
a  fully  articulated  rotor  head,  and  a  six-component  force 
balance  housed  under  die  fuselage.71,72 

Some  results  from  the  sub-scale  model  rotor  testing 
are  shown  in  Figure  24.  This  figures  shows  the  torque 
rise  caused  by  ice  accretion  on  the  rotors  versus  time  in 
icing.  The  experimental  results  are  compared  with  an 
analytical  prediction  developed  by  Flemming72  that 
includes  an  ice  shedding  model.  The  analytical  predic¬ 
tion  includes  empirical  airfoil  pcrformance-in-icing  data 
that  was  acquired  in  previous  tests.32  The  comparison 
between  analysis  and  experiment,  as  shown  here,  was 
remarkably  good  for  this  particular  test  run.  Similar 
agreement  was  also  found  between  analysis  and  experi¬ 
ment  for  lift  loss  versus  time  in  icing. 

Another  approach  to  sub-scale  model  rotor  testing 
would  involve  the  use  of  simulated  ice  applied  to  the 
leading  edge  of  the  rotor  blades.  The  rotor  blades  with 
the  simulated  ice  would  be  tested  in  a  dry  wind  tunnel. 
The  key  to  successful  dry  air  wind  tunnel  testing  with 
simulated  ice  would  be  having  the  correct  ice  shapes, 
with  appropriate  roughness,  properly  located  on  the 
blades.  The  appropriate  simulated  ice  would  be  obtained 
from  scale  model  testing  in  an  icing  tunnel,  or  from  pre¬ 
dictions  with  ice  accretion  codes.  It  is  unlikely  that  suffi¬ 
ciently  accurate  ice  shapes  could  be  acquired  from  full- 
scale  helicopter  flights  in  natural  icing  condition0 
because  the  ice  erodes  and  sublimates  substantially  dur¬ 
ing  the  time  it  takes  to  descend,  land,  and  shut  down. 

4.2.4.2  Ice  Shedding  from  Rotor  Blades 

An  important  problem  for  propellers  and  helicopter 
rotors  is  shedding  of  ice  from  their  tips  where  centrifugal 
forces  can  exceed  1000  g’s.  When  multiple  rotor  blades 
shed  ice  asymmetrically,  the  resulting  imbalances  cause 
vibrations  severe  enough  to  prevent  the  pilot  from  read¬ 
ing  his  instruments.  Another  concern  is  that  shed  ice  par¬ 
ticles  have  considerable  energy  and  can  damage  aircraft 
structures.  For  example,  in  the  design  of  the  tilt  rotor  air¬ 
craft,  the  fuselage  was  covered  with  armor  plate  in  those 
areas  where  ice  would  impact  This  armor  plate  added  a 
severe  weight  penalty. 

Rigorous  analytical  models  and  supporting  experi¬ 
mental  data  are  needed  to  predict  (1)  shed  ice  events  and. 
the  size  of  the  shed  ice,  (2)  shed  ice  trajectories,  (3) 
impact  energy  of  the  ice  particle  and  (4)  structural  dam¬ 
age  caused  by  ice  impact  A  current  project  at  NASA 
Lewis  is  attempting  to  address  some  of  these  issues. 
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4.2.5  Flight  Testing  with  Simulated  Ice  Shapes 

Icing  flight  testing  with  simulated  ice  shapes  on 
selected  lifting  surfaces  is  done  as  part  of  the  process  of 
obtaining  icing  certification  or  qualification,  or  it  is  done 
to  acquire  a  data  base  for  use  in  validating  computer 
codes  that  predict  overall  aircraft  performance  and  stabil¬ 
ity  in  icing. 

If  ice  replicas  are  used  on  lifting  surfaces  during 
flight  testing  as  part  of  the  process  of  obtaining  icing  cer¬ 
tification  or  qualification,  then  the  following  important 
caution  from  Reference  15  must  be  heeded:  ‘...It  has 
been  found  that  the  shape  of  the  ice  deposit  on  an  airfoil 
plays  the  main  role  in  worsening  of  the  aerodynamic 
characteristics.  Flight  experiments  have  shown  that  even 
a  thin  layer  of  ice  might  have  a  serious  influence.  On  the 
other  hand,  cases  are  possible  when  a  thick  ice  deposit 
has  no  significant  influence  on  the  flying  characteris¬ 
tics...’.  Therefore,  when  simulated  ice  is  used  in  flight 
testing,  the  selection  of  ice  shapes  is  critical.  Ideally,  it 
would  be  desirable  if  computer  codes  that  predict  ice 
shapes  and  resulting  aeroperformance  and  stability  could 
be  used  to  judiciously  select  ice  shapes.  But  until  these 
codes  have  been  extensively  validated,  which  will  take 
many  years,  certification  testing  will  still  depend  criti¬ 
cally  on  flight  testing  in  natural  icing,  with  the  aircraft  in 
its  various  multi-element  wing  and  tail  configurations. 
When  simulated  ice  is  used,  the  ice  shapes  should  be 
based  on  extensive  icing  flight  test  experience. 

In  the  certification  process,  aircraft  are  ordinarily 
tested  with  simulated  ice  shapes  for  two  prominent  rea¬ 
sons.  First,  in  the  event  of  an  ice  protection  failure,  the 
airplane  will  accrete  ice  that  could  degrade  aircraft  per¬ 
formance  and  stability.  Thus,  the  airframer  may  elect  to 
use  simulated  ice  to  demonstrate  fl  ight  safety  in  the  event 
of  ice  protection  failure.  A  second  reason  for  using  sim¬ 
ulated  ice  would  be  when  an  airframer  deliberately  chose 
not  to  protect  a  given  component.  Then  the  airframer 
would  have  to  prove  that  the  aircraft  could  fly  safely  with 
ice  on  the  unprotected  surface.  They  could  then  elect  to 
use  simulated  ice  to  demonstrate  flight  safety. 

As  mentioned  earlier,  newer  commercial  transports 
are  powered  by  advanced  turbofan  engines  with  higher 
bypass  ratios  and  smaller  core  flows.  So  airframers  are 
taking  a  close  look  at  whether  ice  protection  can  be 
safely  eliminated  from  certain  aircraft  components  in 
order  to  conserve  on  bleed  air  usage. 

Even  in  the  past  when  commercial  jet  transports  had 
copious  supplies  of  bleed  air,  airframers  examined  the 
advantages  and  disadvantages  of  protecting  certain  com¬ 
ponents  from  ice,  especially  vertical  tails.  By  making  an 
unprotected  vertical  tail  large  enough,  airframers  could 
achieve  acceptable  tail  aerodynamics  for  expected  ice 
accretions.  So  airframers  compared  the  amount  of  fuel 
required  to  carry  a  heavier  tail  against  the  fuel  required 


both  to  carry  the  extra  weight  of  hot  air  ducting  and  to 
overcome  the  loss  of  engine  power  due  to  nse  of  more 
engine  bleed  air. 

As  a  recent  example  for  an  aircraft  powered  by  high 
bypass  engines,  the  Boeing  757  was  the  first  commercial 
transport  to  be  certified  by  the  FAA  without  ice  protec¬ 
tion  on  the  outboard  leading  edge  slats.  This  need  to 
identify  specific  components  of  an  aircraft  system  and 
selectively  remove  unnecessary  ice  protection  was  driven 
by  the  reduction  in  available  bleed  air.  In  the  process  of 
acquiring  the  certification,  Boeing  first  used  replicated 
ice  shapes  on  a  sub-scale  model  of  the  757  tested  in  a  dry 
air  wind  tunnel.  The  stability  and  control  characteristics 
were  studied  in  the  wind  tunnel  tests.  Next,  simulated  ice 
shapes  were  attached  to  the  actual  aircraft’s  outboard 
slats,  and  the  airplane  was  flown  in  clear  air,  again  to 
study  the  effect  of  the  ice  on  performance  and  stability. 
Finally,  the  airplane  was  flown  in  natural  icing  to  com¬ 
plete  the  icing  certification  process.  Relying  on  their  vast 
experience  in  natural  icing  flight  testing,  Boeing  was  able 
to  derive  empirical  and  analytical  methods  to  determine 
the  most  representative  ice  shapes  for  the  simulation. 

In  a  recent  research  program,  NASA  used  replicated 
ice  shapes  on  the  horizontal  and  vertical  tails  of  their 
Twin  Otter  icing  research  aircraft  to  study  the  effects  of 
tail  ice  on  stability  and  control  (References  79  and  80). 
First  the  Twin  Otter  was  flown  in  natural  icing  and  photos 
were  taken  of  the  ice  formations  on  the  tail  surfaces. 
From  these  photos,  styrofoam  shapes  were  fabricated 
and  then  attached  to  the  tail  surfaces  (Figure  25).  The : '  *- 
craft  was  then  flown  in  clear  air  through  a  series  of 
maneuvers  designed  to  acquire  a  flight  data  base  for  use 
in  determining  stability  and  control  derivatives.  The 
flight  data  was  analyzed  by  a  modified  stepwise  regres¬ 
sion  algorithm  and  a  maximum  likelihood  algorithm  that 
yielded  estimates  of  body-axis  stability  and  control 
derivatives  related  to  the  short-period,  longitudinal 
motion  of  the  aircraft. 

As  mentioned  earlier,  NASA  is  developing  a  com¬ 
puter  flow  code  to  predict  performance  and  stability  of 
modem  aircraft  with  given  ice  shapes  on  the  lifting  sur¬ 
faces.  Estimated  stability  and  control  derivatives  and  per¬ 
formance  measurements  from  the  Twin  Otter  will  be 
used  to  validate  the  code  at  full-scale  Reynolds  numbers. 
In  addition  to  the  Twin  Otter  flight  testing  with  replicated 
ice  shapes,  dry  air  wind  tunnel  testing  will  be  conducted 
of  a  sub-scale  model  of  a  modem  swept  wing  aircraft 
with  replicated  ice  on  its  lifting  surfaces.  The  wind  tun¬ 
nel  results  will  provide  code  validation  data  for  a  modem 
transport  aircraf  t  After  a  good  data  base  has  been 
acquired  from  the  wind  tunnel  testing,  flight  tests  with  a 
modem  swept  wing  aircraft  will  be  conducted  to  acquire 
a  validation  data  base  at  full-scale  Reynolds  numbers. 
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As  noted  in  Reference  80,  ‘the  successful  estimation 
of  stability  and  control  derivatives  from  flight  data  has 
two  important  ramifications,  First,  the  values  for  the 
derivatives  can  be  compared  with  values  derived  from  the 
analytical  icing  codes  and  from  the  1RT.  These  compari¬ 
sons  allow  for  an  assessment  of  the  confidence  that 
should  be  put  in  analytical  predictions  and  wind-tunnel 
results  as  they  relate  to  an  aircraft  in  flight.  Second, 
flight-derived  derivatives  can  be  used  judiciously  along 
with  those  provided  by  analytical  predictions  and  wind 
tunnel  tests  to  upgrade  simulator  math  models  to  provide 
a  realistic  set  of  aerodynamics  for  pilot-in-thc-loop  sim¬ 
ulations  of  icing  scenarios.’ 

4.2.6  Icing  Scaling 

The  proposed  or  desired  test  matrix  for  an  icing  test 
usually  involves  the  following  variables:  airspeed,  out¬ 
side  air  temperature,  altitude,  cloud  liquid  water  content, 
cloud  droplet  size  distribution  or  median  volume  diame¬ 
ter,  and  model  size  or  scale.  In  a  flight  test  in  natural  icing 
or  in  an  artificial  cloud  behind  an  in-flight  spray  tanker, 
chances  are  that  the  set  of  variables  desired  will  be  unat¬ 
tainable.  In  a  wind  tunnel  test,  certain  combinations  of 
variables  also  will  be  unattainable.  For  example,  most 
icing  wind  tunnels  have  maximum  airspeeds  far  below 
the  speeds  of  modem  transport  or  military  aircraft.  And 
due  to  the  practical  limits  on  nozzle  turn-down  ratios  and 
nozzle  droplet  size  ranges,  several  sets  of  nozzles  would 
be  required  to  achieve  the  full  FAA  Part  25  Appendix  C 
operating  envelopes  over  the  full  speed  range  of  the  tun¬ 
nel. 

If  the  desired  test  variables  cannot  be  met,  the  exper¬ 
imenter  must  resort  to  some  form  of  scaling  or  simili¬ 
tude.  Various  scaling  objectives  can  be  imagined  for  any 
particular  icing  test,  such  as:  (1)  a  geometrically  similar 
ice  shape;  (2)  an  equivalent  drag  or  lift  coefficient;  (3)  the 
same  water  flux  distribution  around  the  airfoil  leading 
edge;  (4)  the  same  heat  transfer  results  for  a  thermal  ice 
protection  system;  (5)  rime  icing  conditions  (i.e.,  all 
water  must  freeze  immediately  upon  impact);  and  so  on. 
Not  all  of  these  objectives  can  be  met  simultaneously  and 
hence  the  experimenter  may  have  to  chose  those  most 
appropriate  for  the  specific  test  program. 

Scaling  laws  have  always  been  used,  but  never  rigor¬ 
ously  validated.32  Flight  testing  in  natural  icing  clouds 
will  always  be  a  required  part  of  the  certification/qualifi¬ 
cation  process. 

Reference  10  gives  a  good  bibliography  of  the  work 
done  previously  on  scaling.  Most  of  these  works  on  scal¬ 
ing  rely  on  an  analysis  of  the  ice  accretion  process 
described  by  Messinger.10  As  mentioned  earlier,  more 
recent  studies  have  revealed  that  the  Messinger  model 
does  not  reflect  recent  observations  regarding  the  ice 
accretion  process. 


These  new  results  have  led  Bilanin81  to  formulate 
the  scaling  laws  independently  from  any  mathematical 
model  of  the  icing  process.  He  did  this  by  applying  the 
Buckingham  pi  theorem  for  similitude  to  the  ice  accre¬ 
tion  problem.  The  pi  theorem  approach  showed,-  for 
example,  that  the  normalized  thickness  of  the  ice 
accreted  on  the  airfoil  is  a  function  of  18  nondimensional 
groups.  Although  many  of  the  groups  can  bei  satisfied  in 
any  scaling  test,  Mach,  Reynolds  and  Weber  numbers 
cannot  all  be  satisfied  in  the  same  scaled  test  He  con¬ 
cluded  that  although  competing  physical  effects  do  not  in 
general  allow  a  rigorous  scaling  methodology,  an  accept¬ 
able  approximate  scaling  scheme  may  still  be  possible. 
Bilanin’s  work  is  continuing  under  NASA/FAA  sponsor¬ 
ship. 

Since  rigorous  scaling  is  not  achievable,  a  different 
approach  has  been  taken  in  experimental  icing  testing. 
Components  are  tested  in  conditions  as  close  as  possible 
to  the  desired  conditions,  or  some  partial  scaling  is  used. 
Analytical  methods  are  then  used  to  predict  the  results  of 
the  test.  The  analytical  methods  are  adjusted,  if  neces¬ 
sary,  to  bring  the  experimental  results  and  predictions 
into  agreement.  Then  the  analytical  methods  are  used  to 
predict  results  for  the  desired  conditions.  This  is  essen¬ 
tially  the  same  approach  used  in  acquiring  a  data  base  for 
validating  any  analytical  prediction.  With  intensified 
efforts  to  develop  computer  simulations  of  all  key 
aspects  of  aircraft  icing,  the  necessity  of  a  prolonged 
experimental  effort  to  develop  and  validate  scaling  rela¬ 
tions  may  be  diminished. 

5.  Concluding  Remarks 

From  the  preceding  discussion,  it  is  evident  that  air¬ 
craft  icing  simulations  consist  of  three  interrelated  activ¬ 
ities;  analytical  modeling,  ground-based  experiments, 
and  flight  testing.  Analytical  methods  started  as  correla¬ 
tions  of  experimental  data  and  have  more  recently  turned 
to  computer  models  based  on  first  principles.  Computer 
models  have  been  doing  a  steadily  better  job  of  simulat¬ 
ing  the  icing  process  and  its  effects.  Current  two-dimen¬ 
sional  codes  arc  being  used  in  industry  for  the  simulation 
of  icing  effects  and  for  the  evaluation  of  ice  protection 
system  effectiveness.  Three-dimensional  methods  are 
currently  under  development  and  hold  the  promise  of 
accurately  simulating  an  icing  encounter  for  a  complete 
aircraft  configuration.  Ground  testin':  in  icing  wind  tun¬ 
nels,  icing  test  cells,  and  dry  air  wind  tunnels  provides 
(1)  simulations  of  conditions  not  yet  capable  of  being 
modeled  correctly,  (2)  safer  and  less  expensive  means  of 
testing  than  in-flight  testing,  (3)  controlled,  repeatable 
experiments  at  known  icing  conditions,  and  (4)  a  data¬ 
base  for  computer  code  validation.  The  increasing  num¬ 
ber  of  these  facilities  in  the  industry  attests  to  their 
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importance  in  developing  effective  ice  protection  mea¬ 
sures  for  all  types  of  aircraft  Finally,  flight  testing  pro¬ 
vides  a  means  of  determining  live  effects  cf  icing  on 
complete  aircraft  configurations  and  an  essential  check 
on  the  fidelity  of  the  analytical  and  experimental  simula¬ 
tion  methods. 

The  future  of  icing  simulation  is  tied  to  this  three 
prong  approach.  It  is  important  to  understand  that  the 
advancement  of  either  analytical  or  experimental  simula¬ 
tion  methods  will  always  require  the  need  of  flight  test 
d  'a  for  verification  purposes.  The  acceptance  of  simula¬ 
tion  tools  by  aircraft  designers  and  certification  authori¬ 
ties  will  depend  on  the  icing  modelers  ability  to  show  the 
accuracy  of  simulation  methods.  Additionally,  the  inter¬ 
action  of  modeler,  experimentalist,  and  pilot  can  lead  to 
a  more  realistic  and  therefore  more  useful  simulation 
tool. 

This  paver  has  highlighted  some  of  the  recent  devel¬ 
opments  in  aircraft  icing  simulation.  Several  areas 
requiring  further  research  have  been  identified.  Some  of 
these  are: 

•  Ice  accretion  physics,  specifically  roughness  char¬ 
acterization,  heat  transfer  correlations,  splashing, 
runback,  surface  tension  effects,  and  wetting  char¬ 
acteristics. 

•  Ice  structural  properties  and  ice  shedding. 

>tall  mechanisms  and  post-stall  behavior  of  iced 
wings.  Computational  simulation  of  these  phe¬ 
nomena. 

•  Inclusion  of  surface  roughness  effects  in  aerody¬ 
namics  codes. 

•  Evaluation  of  turbulent  flow  properties  for  iced 
wings  and  development  of  appropriate  turbulence 
models 

•  Tliree-dimensional  ice  accretion  code  develop¬ 
ment. 

•  Computer  code  simulation  of  iced  wing  and  iced 
aircraft  performance.  Development  of  perfor¬ 
mance  codes  for  rotorcraft  in  icing. 

•  Development  of  computational  methods  for  simu¬ 
lating  ice  protection  systems. 

•  Continued  development  of  experimental  methods 
for  simulating  rotorcraft  performance  in  icing. 

•  Creation  and  verification  of  icing  scaling  laws. 

Certainly  the  continued  development  of  the  icing 
simulation  methods  described  in  this  paper  will  continue 
to  present  an  exciting  challenge  to  the  aerospace  commu¬ 
nity  for  some  years  to  come. 
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V 


Figure  1  .-Close-up  grazing-angle  still  photos  ol  ice  formed  at  below  freezing  air  temperature 
of  -2  °C. 


Incorporated  new  routines  in  LEWICE 
that  more  closely  model  observed  physics 


Tunnel  floor 


Laser  sheet 


Experimental  results 


Figure  2.— Test  set-up  and  results  for  ice  layer  growth  on  a 
cylinder. 
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1.  Impinging  water 

Mc  iw_  j 

2.  Evaporation 

^e'v,  sur 

3.  Water  flow  out  of  CV 

Mroutiw,  sur 

4.  Water  flow  into  CV 

^r|n  'w,  sur 

5.  Ice  accumulation  leaving  the  CV 

Mi  'l ,  sur 

6.  Convection 

qcAs 

7.  Conduction 

qkAs 

c'w.T  +  Mr|niwsur  +  qkAS  = 

Me'v,sur  +  Mftjm'v.sur 

+  Mji^  sur-t- 

Figure  3.— Control  volume  for  ice  accretion  energy  balance. 


Surface  distance,  cm 


Figure  4—  Comparison  of  experimental  repeat¬ 
ability  and  analytically  predicted  local  impinge¬ 
ment  efficiency  for  a  NACA  65-015  airfoil. 


Original  LEWICE  Experimental  results  Multi-zone  LEWICE 

prediction  prediction 


Figure  5.— Comparison  of  original  LEWICE  calculation  to  multi-zone  LEWICE  calculation  for 
glaze  ice  accretion  on  a  cylinder. 


Total  temperature,  °C 


[»] 


Velocity  profiles  for  0°AOA;xTR  =  0.05 

Figure  8— Velocity  profiles  in  the  recirculation  region  aft  of  a  glaze  ice  hom  on  a  NACA 
0012  airfoil. 


Surface  oil  flow  simulation  Off  body  particle  traces 


Figure  9. — Particle  traces  for  flow  over  an  iced  swept  semi¬ 
span  wing  at  8°  angle  of  attack  (NACA  0012  profile,  30° 
sweep  angle). 
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Span 

Figure  10. — Spanwise  load  distribution  of  an  iced  wing 
(NACA  0012  profile,  30°  sweep  angle)  at  4°  and  8° 
angle  of  attack. 


chamber 


12.— Schematic  of  the  NASA  Lewis  Research  Center  Icing  Research  Tunnel  (IRT). 
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Figure  13. — Schematic  of  the  General  Electric  engine  icing  test 
facility  in  Peebles,  Ohio,  USA  [Ref.  51). 
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Figure  14.— Schematic  of  the  AEDC  engine  icing  test  cell  at  Tullahoma,  Tennessee,  USA.  [Ref.  52) 
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o  Point  surface  analysis  within  a  one  foot  span  wing 
segment  (all  points  not  in  same  plane) 

- Estimated  average  ice  shape  profile  over  one  foot 

wingspan  section 

xx  Thin,  ridged,  ice  accretion  extending  aft  of  trans¬ 
lucent  region  on  upper  and  lower  wing  surfaces 
{§§  Translucent  ice  region 


-10  12 


-2  0  2  4  6  8  10 

Angle  of  attack  (degrees  referenced  to  floor) 

Figure  15.— Stereographic  analysis  of  natural  and  artificial 
(HISS)  ice  accretions  on  NASA  DH-6  wing  section  and 
resulting  measured  drag  coefficients.  [Ref.  60] 


a,  deg 


Figure  1 6.— The  effect  on  CL(a)  and  CLmax  of  ice 
shapes  from  the  icing  wind  tunnel  at  the  Research 
Institute  of  the  Ministry  of  Civil  Aviation,  USSR. 
(Cruise  condition  with  flaps  extended).  [Ref.  15] 
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Figure  1 7.— The  effect  of  lotal  temperature  on  ice  shape  development.  (LWC  x  V  x  time)  =  const. 
NACA  0012  airfoil  at  4°  angle  of  attack. 
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Figure  18.— The  effect  of  total  temperature  on  drag.  (LWC  x 
V  x  time)  =  const.  NACA  0012  airfoil  at  4°  angle  of  attack. 


<a>  CRUISE  WING. 


(b)  FLAPS  I. 


(C)  FLAPS  5. 


Figure  19. — Boeing  737-200  ADV  wing  section  models  tested  in 
the  NASA  IRT. 
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Figure  20. — Changes  in  lift  and  drag  resulting  from  glaze  ice  growth  on  the  Boeing  737-200  ADV 
wing  model  in  the  flaps  1  configuration. 
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|  Figure  21 . — Swept,  finite  wing  with  simulated  ice 

j  on  the  leading  edge  installed  in  the  University  of 

I  Illinois  subsonic  wind  tunnel. 
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Figure  22.— High  speed  video  of  ice  shedding  event  during  activation  of  a  low  power 
de-icing  system. 
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Mlthode  de  calcul  de  coefficients  de  concentration  d'eau  en  tridimensionnel 
et  ses  applications  industrielles 

P.  PREL 
aerospatiale 
division  avions 
A/DET/EG./Aero 
316,  route  de  Bayonne 
31060  Toulouse  Cedex  03 
France 


R6sum6 

Cet  expose  decrit  successivement  l’inte- 
ret  de  disposer  d’une  methode  tridimension- 
nelle  de  calcul  de  coefficients  de  concentration 
de  gouttelettes  d'eau,  ses  principes  gendraux 
ainsi  que  le  detail  des.  codes  de  calcul  utilises. 
Des  applications  au  positionnement  de  sondes 
sur  les  avions  Airbus  340  et  ATR  72  sont  en- 
suite  presentees,  mettaui  principalement  en 
e  -ddence  l'influence  du  diametre  des  gouttes 
sur  la  concentration  mesuree. 

Notations 

mg  Masse  de  b\  goutte 

pg  Masse  volumlque  de  la  gouf  e 

Dg  Diametre  de  la  goutte 

Rg  Reynolds  de  la  goutte 

vg  Acceleration  de  la  goutte 

S  Surface  de  reference  aerodynamique 

F  Force  exercee  sur  la  goutte 

Vr  Vitesse  relative  locale  de  la  goutte  par 
rapport  a  l'alr 

Cd  Coefficient  de  trainee  aerodynamique 

de  la  goutte 

pa  Masse  volumique  de  l'air 

pa  Viscosite  dynamique  de  l'air 

Ec  Coefficient  de  concentration  d'eau 


Le  contexte 

La  necessity  du  vol  par  mauvaises 
conditions  mcteorologiques  s'est  consid€ra- 
blement  accrue  ces  demieres  annees  du  fait  de 
l'interfit  des  compagnies  aeriermes  &  mieux 
rentablliser  les  appareils  de  leurs  flottes. 
Parml  ces  conditions  defavorables,  le  givrage 
des  differents  constituants  de  l’avion  est  un 
risque  important.  Afin  d’assurer  un  niveau  de 
security  des  personnes  et  des  materiels  ideri- 
tique  a  celui  exlge  par  bonnes  conditions  me- 
teoiologiques,  il  s’est  avere  necessaire  de  deve- 


lopper  des  competences  speciflques  dans  les 
domaines  des  previsions,  mesures  et  protec¬ 
tions.  Ces  domaines  re.itrant  directement  en 
llgne  de  compte  dans  les  exigences  reglemen- 
taires,  ils  interessent  particulierement  les  in- 
dustriels,  soucieux  de  certifier  leurs  produits. 

Dans  cette  optique,  de  nombreux  outlls 
utilisables  au  niveau  industriel  ont  ete  deve- 
loppes.  En  particulier,  l'accent  a  et6  mis  sur  les 
methodes  theoriques  qui,  une  fois  validees, 
autorisent  plus  de  souplesse  et  sont  d'un  cout 
de  mise  en  oeuvre  moindre  que  les  methodes 
experimentales. 

C’est  dans  ce  contexte  qu'une  methode 
theorique  de  calcul  de  coefficients  de  concen¬ 
tration  d’eau  en  tridimensionnel  a  ete  mise  en 
place  par  aerospatiale,  et  utilisee  dans  le  cadre 
des  differents  programmes  d'avions  auxquels 
celle-ci  est  associee. 


Int6rgt  <5e  cet  outil 

Les  accretions  ue  givre  sont  le  resultat 
de  la  congelation  apres  impact  sur  la  paroi  de 
l'avion  des  micro-gouttelettes  d'eau  en  surfu- 
sion  qui  se  trouvent  en  suspension  dans  les 
nuages  givrants.  De  la  quantite  de  gouttelettes 
captee  a  la  paroi  de  l'avion  va  dependre  le  taux 
de  croissance  du  givre  et  finalement  la  forme 
de  l'accretion  en  cet  endroit. 

Afin  de  pouvoir  garantir  le  comporte- 
ment  sain  d'un  avion  dans  ces  conditions,  il 
est  precieux  de  connaitre  a  priori  les  parties  de 
1’appareil  qui  seront  sujettes  aux  accretions  de 
glace,  mais  aussi  les  parties  et  les  zones  d'ecou- 
lement  autour  de  l'avion  qui  seront  masquees. 

Cette  connaissance  permet  alors  de  di- 
mensionner  correctement  les  equipements  de 
degivrage  et  d'anti-givrage  et  aussi  de  bien  po- 
sitionner  et  etalonner  les  sondes  de  mesures 
qui  interviennent  dans  le  processus  de  certifi¬ 
cation  de  l'avion.  Pour  certaines  parties  de 
l'avion  (fuselage,  entree  d'air,...),  l’utilisation 
de  methodes  th6oriques  bidimensionnelles 
disponibles  depuis  lengtemps  est  une  ap¬ 
proximation  grossiere;  il  est  alors  necessaire 
de  prendre  en  compte  la  tridimensionnalite  de 
J/ecoulement. 
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Principes  gdnfiraux  de  la  methode 

Dans  un  premier  temps,  11  est  n6ces- 
saire  de  calculer  le  champ  aerodynamique  au- 
tour  de  l'avion  considere.  Les  conditions  gi- 
vrantes  peuvent  etre  rencontrees  aux  altitudes 
basses  et  moyennes,  pour  lesquelles  les  vi- 
t  esses  des  avions  ie  transport  ne  sont  pas  tres 
elevees.  Ceci  autorise  l'utilisation  d'une  me- 
Ihode  de  calcul  du  champ  aerodynamique  sous 
les  hypotheses  de  fluide  parfait  faiblement 
compressible,  voire  meme  incompressible. 

Dans  cet  ecoulement  aerodynamique, 
on  peut  alors  determiner  les  trajectoires  des 
gouttelettes  d’eau  provenant  de  l'inilni  amont 
et  deviees  par  les  perturbations  aerodyna- 
miques.  Certaines  gouttelettes  viennent  percu- 
ter  la  paroi  de  1’appareil  ofi  les  parametres 
aero-thermodynamlques  conditionnent  alors 
le  processus  de  congelation.  La  determination 
d'un  ensemble  de  trajectoires  permet  de  deflnir 
les  zones  d'ecoulement  ou  se  concentrent  les 
gouttelettes,  et  celles  ou  elles  ne  peuvent  acce- 
der. 

La  determination  des  trajectoires  se 
fait  de  maniere  balistique.  L'utilisateur  speci¬ 
fic  un  point  de  depart  d'une  goutte  et  sa  trajec- 
toire  est  alors  calculee  de  maniere  directe  pas  a 
pas.  Comme  on  s'interesse  generalement  a  un 
endroit  bien  precis  de  l'avion  ou  de  l'ecoule- 
ment,  ll  faut  done  determiner  par  essais  suc- 
cessifs  les  points  de  depart  qui  permettent  d'at- 
teindre  la  zone  cible.  C'est  pourquoi  il  est  tres 
interessant  de  disposer  en  plus  d'une  methode 
pseudo-inverse,  en  automatisant  la  recherche 
de  la  position  initiale  de  la  goutte  en  fonction 
d'un  point  objectif  donne. 

Les  outils 

Calcul  du  champ  aerodynamique 

Du  fait  de  l'hypothese  de  falble  com- 
pressibilite  de  l'ecoulement,  un  code  resolvant 
''equation  du  potentiel  linearise  par  une  me- 
tnode  de  singularites  surfaciques  est  tout  in- 
dique  pour  notre  d’etude.  Ce  type  de  code  pre¬ 
sente  en  effet  de  nombreux  avantages: 

_  Necessite  de  realiser  un  maillage  surfa- 
cique  de  la  peau  de  l'avion  et  non  pas  un 
maillage  volumique  de  l’ecoulement.  Ceci 
permet  de  traiter  les  geometries  similes 
comme  les  plus  compliquees. 

_  Temps  de  calcul  raisonnables  peimettant 
une  utilisation  intensive  de  la  methode.  II 
est  ainsi  possible  de  realiser  un  ensemble  de 
calculs  correspondant  a  des  conditions  ae- 
rodynamiques  differentes. 


La  realisation  dee  tillages  est  effec- 
tuee  a  partir  des  formes  avion  stockees  dans 
l'environnement  de  CAO/DAO  appele  MICA2 
et  developpe  au  setn  du  depart ement 
Aerodynamique.  De  nombreux  outils  permet¬ 
tent  de  generer  les  maillages,  de  les  controler 
et  de  les  visualiser. 

Le  code  de  calcul  utilise  s'appelle  FP3D 
et  a  ete  J  *veloppe  a  aerospatiale  [11.  Ses  fonc- 
tionnalites  sont  variees:  calculs  de  champs  de 
vitesse,  de  pression,  charges  et  efforts,  lignes 
de  courant,  deflexions,  debits,  etc.  De  par  sa 
structure  modulaire  et  les  nombreuses  options 
offertes  k  l'utilisateur  (type  des  panneaux  du 
maillage,  type  des  conditions  aux  limites  sur 
chacun  des  panneaux,  prise  en  compte  de  sy- 
metrier  multiples,  corrections  de  compressibi- 
lite,  equilibrage  ou  nun  des  sillages  tourbil- 
lonnaires,  algorithmique,,..),  l’utilisation  du 
code  peut  etre  precisement  adaptee  au  pro- 
bleme  a  traiter. 

Pour  notre  application,  l'objectif  est  de 
representer  au  mieux  le  champ  aerodyna¬ 
mique  dans  les  zones  d’ecoulement  ou  soront 
calculees  les  trajectoires  de  gouttelettes  d'eau. 
Pour  ce  faire,  il  est  essentiel  dans  un  premier 
temps  de  representer  precisement  la  geometrie 
proche  des  futures  trajectoires,  tandls  qu'une 
discretisation  plus  ISche  du  maillage  est  sufli- 
sante  pour  les  parties  plus  lointaines. 

D'autre  part,  l'utilisation  de  conditions 
aux  limites  de  type  "debit  d’air  nul"  pour  les 
panneaux  de  la  zone  proche  permet  d'eviter  les 
fuites  de  fluide  au  travers  du  maillage.  Pour  les 
panneaux  du  maillage  lointain,  une  condition 
de  glissement  sufllt  (vitesse  normale  nulle  au 
barycentre  de  chaque  panneau).  Cette  utilisa¬ 
tion  est  d'autant  plus  necessaire  si  l'on  s'inte¬ 
resse  a  un  ecoulement  aerodynamique  interne 
ou  la  conservation  du  debit  est  primordiale 
(dans  une  entree  d'air  par  exemple). 

Ces  conditions  aux  limites  demandent 
malheureusement  un  temps  de  calcul  des  sin¬ 
gularites  plus  important  et  ne  peuvent  6tre  uti¬ 
lises  qu'en  incompressible  (l’utilisation  des 
corrections  de  compressibilite  rend  mathema- 
tiquement  incorrect  le  calcul  du  d6bit). 
Cependant,  si  beaucoup  de  trajectoires  de 
gouttes  sont  a  determiner,  le  cofit  du  calcul  ini¬ 
tial  des  singularites  ne  repre3ente  qu'une 
faible  part  du  cout  de  calcul  global  et  le  cofit  du 
calcul  des  trajectoires  ne  depend  pas  du  type  de 
conditions  aux  limites  utilisees  dans  le  calcul 
aerodynamique. 

Calcul  des  trajectoires  de  gouttelettes  d'eau 

Principe 

Le  calcul  des  trajectoires  de  gouttes 
d'eau  repose  sur  une  mithode  developpee  a 
l'ONERA  par  D.  GUFFOND  [2],  Le  code  de  calcul 
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a  ete  adapte  par  aerospafiaie  de  maniere  a  etre 
couple  au  code  de  calcul  aerodynamique  FP3D. 

Pour  ces  calculs,  on  suppose: 

_  que  le  nombre  des  gouttes  d'eau  par  unite 
de  volume  est  sufflsamment  falble  pour  que 
l'ecoulement  et  les  caracteristlques  de  l'air 
solent  identlques  k  ce  qu'lls  seralent  en 
l'absence  de  gouttes.  (Pour  donner  un  ordre 
de  grandeur,  une  concentration  d’eau  de  1 
g/m3  conduit  k  une  distance  moyenne  entre 
deux  gouttelettes  egale  a  80  fols  leur  dla- 
metitj. 

_  que  les  gouttes  sont  parfaitement  sphe- 
riques,  de  diametre  ldentique  et  constant 
(pertes  par  evaporation  nulles). 

_  que  la  seule  force  appliquee  sur  la  goutte 
est  la  force  de  trainee  aerodynamique,  re¬ 
sultant  de  la  difference  vectorielle  entre  la 
vltesse  propre  de  la  particule  et  la  vitesse 
locale  de  l'ecoulement  (pour  les  gouttelettes 
de  petit  diametre  les  autres  forces  y  compris 
le  poids  ne  depassent  pas  1%  de  la  force  de 
trainee). 

La  force  de  trainee  s'exergant  sur  la 
gouttelette  s'ecrit  done: 


gouttelette  a  un  Instant  donne  t,  on  calcule  la 
vltesse  aerodynamique  locale  en  ce  point.  La 
vltesse  relative  de  la  particule  par  rapport  k 
l'air  cr£e  une  force  de  trainee  et  done  une  acce¬ 
leration  de  la  gouttelette  qui  est  integrte  pour 
foumir  ses  nouvelles  position  et  vitesse  k 
l'instant  t+At. 

Initialisation 

Pour  Initialiser  ces  trajectoires,  11  faut 
specifier  un  point  de  depart  sufflsamment  en 
amont  de  l'ecoulement  perturbe  de  maniere  k 
pouvoir  affecter  k  la  particule  une  vltesse 
propre  egale  k  la  vltesse  aerodynamique  k  l'in- 
fini  amont. 

Test  d'lmpact 

Pour  determiner  si  la  particule  d'eau  a 
percute  l'avion,  une  boucle  de  calcul  analyse  a 
chaque  pas  sa  position  relative  par  rapport  au 
plan  moyen  de  chacune  des  facettes  deflnis- 
sant  le  malllage.  Si  on  detccte  que  la  goutte¬ 
lette  est  passee  du  c6te  Interne  de  ce  plan,  on 
analyse  sa  position  par  rapport  au  tube  forme 
par  les  quatre  plans  perpendiculaires  k  la  fa- 
cette  et  passant  par  ses  quatres  c6t6s.  Si  la 
goutte  est  k  l’interieur  du  tube,  elle  a  done  tra¬ 
verse  la  facette  et  le  calcul  est  arrete. 


F=  ipgVr2 


SCd 

w 

avecS  =  ir 


Le  coefficient  de  trainee  Cd  est  une 
fonction  du  nombre  de  Reynolds  P.g  de  la  gout¬ 
telette  qui  s'ecrit: 


Rg=  Pa  vr  Dg 
Pa 

La  lol  utllisee  est  celle  de  Stokes  si  le 
Reynolds  de  la  goutte  est  inferieur  a  0.5,  e'est- 
a-dlre: 


Cd  = 
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Pour  les  nombres  de  Reynolds  supe- 
rieurs,  la  lol  est  senslb’ement  modifiee  [2]. 


L'equation  du  mouvement  de  la  parti¬ 
cule  d'eau  s'ecrit  simplement: 


T  =  mgVg 

Le  calcul  des  trajectoires  est  alors  effec- 
tue  par  une  methode  explicite  d'Adams  du 
3i6me  ordre  a  pas  de  temps  constant. 
Connaissant  la  position  et  la  vitesse  de  la 


Automatisation  de  la  recherche  du  point  de 

depart 

Dans  le  cas  d’une  geometrie  complexe 
pour  laquelle  l'ecoulement  aerodynamique  est 
fortement  perturbe,  la  recherche  par  essais 
successes  de  la  position  initiale  k  l'amont  de 
la  goutte  devant  parvenir  en  un  point  clble 
donne  peut  s'averer  fastldieuse.  Pour  pallier 
cela,  une  methode  de  recherche  automatique 
de  cette  position  k  ete  coupiee  au  programme  de 
calcul  des  trajectoires. 

Cette  recherche  s'effectue  en  deux 

etapes: 

_  dans  un  premier  temps,  on  calcule  une 
ligne  de  courant  aerodynamique  en  remon¬ 
tant  l'ecoulement  k  partir  du  point  clble 
fixe.  En  effet,  les  gouttes  de  trfes  petit  dia¬ 
metre  suivent  tres  bien  les  lignes  de  cou¬ 
rant.  Cette  Initialisation  est  done  d’autant 
meilleure  si  le  diametre  reel  des  gouttes  uti¬ 
lise  est  falble.  Le  calcul  de  cette  ligne  est  ar¬ 
rete  lorsqu'une  des  trois  conditions  sul- 
vantes  est  remplie: 

_  la  difference  entre  le  module  de  la  vl¬ 
tesse  aerodynamique  locale  et  celui  de  la 
vltesse  infinie  amont  l'angle  forme 
entre  ces  deux  vecteurs  vltesse  sont  lnf6- 
rieurs  a  des  bomes  donnees. 


_  la  longueur  de  la  ligne  de  courant  de- 
passe  une  limite  donnee. 

_  le  nombre  de  points  de  calculs  de  la 
ligne  de  courant  depasse  une  limite  don¬ 
nee. 

Le  premier  test  permet  de  reperer  a  quel 
moment  on  peut  considerer  que  la  goutte 
d'eau  n'a  pas  ete  perturbee  par  le  champ  ae- 
rodynamlque  de  l'avlon.  On  peut  done  lui 
affecter  une  condition  initiale  en  vitesse 
egale  a  celle  a  l'inflni  amont. 

Les  deux  autres  tests  permettent  de  ga- 
rantir  un  deroulement  normal  du  calcul 
(pas  de  stagnation  ou  de  bouclage  de  la  ligne 
de  courant). 

_  La  position  initiale  de  la  particule  deter- 
minee,  on  calcule  une  premiere  trajectoire 
de  gouttes,  puis  deux  autres  qui  correspon¬ 
dent  a  un  leger  deplacement  du  point  de  de¬ 
part  selon  les  deux  coordonnees  dans  un 
plan  perpendiculaire  a  l'axe  de  l'avion.  Ceci 
nous  permet  done  de  calculer  le  gradient  au 
point  initial  de  la  fonctionnelle  "carre  de  la 
distance  du  point  d’impact  au  point  objec- 
tif Cette  valeur  du  gradient  nous  permet  de 
determiner  la  direction  de  plus  forte  pente 
pour  minimiser  la  fonctionnelle.  On  trouve 
le  minimum  dans  cette  direction  par  une 
interpolation  parabolique  sur  trois  trajec- 
toires.  A  partir  du  minimum  trouve,  on  re- 
calcule  le  gradient  et  la  direction  de  des- 
cente  conjuguee  a  la  precedente  (Methode  de 
Polak-Ribiere  (3)),  puis  la  minimisation 
unidirectionnelle  comme  indique  prece- 
demment.  J aerations  se  poursuivent 
tant  que  la  distance  entre  les  points  cible  et 
resultat  est  superieure  a  une  borne  speciflee 
par  Vutilisateur. 

Coefficient  de  concentration 

Pour  indiquer  si  localement  les  trajec- 
toires  de  gouttes  d’eau  ont  tendance  a  se  resser- 
rer  ou  bien  a  s'eloigner  en  comparaison  de  l'in- 
firil  amont,  indiquant  une  augmentation  ou 
une  diminution  de  la  concentration  locale  en 
eau,  on  utilise  un  parametre  nomine  coeffi¬ 
cient  de  concentration.  En  considerant  que  le 
flux  d'eau  se  conserve  le  long  d'un  tube  de  tra- 
jectoires  de  gouttelettes,  ce  coefficient  est  egal 
au  rapport  des  surfaces  interceptees  par  ce  tube 
a  l’inflni  amont  et  a  l'autre  ext  remite,  ces  sur¬ 
faces  etant  prises  perpendiculairement  au  tube 
( cf.  Figure  1 ).  Si  le  tube  intercepte  la  peau  d'un 
avion,  on  cons id^ re  alors  la  surface  genera- 
lement  gauche  qui  est  1'intersection  du  tube 
avec  la  parol.  Dans  ce  cas  le  coefficient  obtenu 
est  plutot  appele  coefficient  de  captation. 

Les  applications 


Casd'ttude 

Les  resultats  presentes  dans  la  suite 
sont  issus  de  deux  etudes: 

_  verification  du  bon  positionnement 
des  sondes  pour  la  certification  en  givrage  de 
l'Airbus  340,  et  calcul  des  coefficients  de  con¬ 
centration  a  leur  endroit 

_  determination  du  meilleur  position¬ 
nement  de  temoins  visuels  d’accretion  de  givre 
sur  ATR72  et  calcul  des  coefficients  de  concen¬ 
tration  correspondants. 

Airbus  A31Q 

Pour  l'Airbus  340,  la  condition  de  vol  a 
considerer  etait: 

Configuration  lisse 

Altitude:  15000  ft 

Incidence:  8° 

Vitesse:  250  kts  TAS  (130  m/s) 

Temperature  statique:  263.15  °K 

La  position  des  sondes  sur  la  pointe 
avant  de  l'avion  est  indiquee  sur  la  Figure  2. 
Ces  trois  sondes  servent  respectivement  a  me- 
surer  l'epaisseur  de  glac'  iaptee  fTemoln  CEV), 
la  concentration  en  eau  uquide  (LWC)  et  le 
nombre  et  le  diametre  des  gouttelettes  (FSSP). 

Representation  g£om£tr(que 

Pour  representer  le  champ  aerodyna- 
mique  autour  d'une  pointe  avant  d'avion  de 
transport,  la  question  restait  posee  quant  a  la 
necessity  d'inclure  la  voilure  dans  le  maillage 
de  calcul.  Pour  nous  en  assurer,  nous  avons 
realise  deux  calculs  avec  la  methode  des  singu- 
larites  FP3D  sur  un  Airbus  340  avec  et  sans 
voilure.  Nous  avons  compare  les  deflexions 
aerodynamiques  obtenues  au  niveau  des  trois 
sondes  de  givrage  devant  fttre  installees  pour  la 
certification.  Comme  attendu,  ces  calculs 
montrent  que  les  differences  de  deflexions 
sont  d'autant  plus  importantes  que  l'on  est 
proche  de  la  voilure,  ce  qui  induit  au  niveau  de 
la  sonde  la  plus  proche  une  difference  en  d6- 
flexion  de  plus  de  1°.  Par  consequent,  nous 
avons  choisi  de  garder  le  maillage  avec  voilure 
pour  les  calculs  de  trajectoires  de  gouttes. 

En  toute  rigueur,  pour  representer  le 
mieux  possible  le  champ  aerodynamique,  il 
serait  necessaire  d'assurer  une  valeur  realiste 
de  1'incidence  de  l'avion  ainsi  qu’une  valeur 
correcte  de  la  circulation  autour  de  la  voilure 
(et  par  consequent  son  coefficient  de  portance). 
En  fait,  lorsque  1'incidence  aerodynamique  de 
l'avion  est  flxee  et  si  le  maillage  de  calcul  re¬ 
presente  la  geometrie  reelle  de  la  voilure,  le 
calcul  aerodynamique  fluide  parfait  tend  k 
surestimer  le  coefficient  de  portance.  II  fau- 
drait  done  modifier  legerement  la  geometrie  de 
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calcul  pour  obtenir  le  bon  coefficient  de  por- 
tance.  Cette  remarque  prend  tout  son  sens  si 
l'on  s'interesse  a  une  zone  de  1'ecoulement  for- 
tement  influencee  par  la  voilure  et  dans  les  cas 
ou  le  coefficient  de  portance  est  eleve  (a  forte 
incidence  ou  en  configuration  hypereustentee). 
Dans  nos  exemples  d'application  suivant,  cela 
n'a  pas  ete  realise. 

Pour  l'A340,  le  maillage  utilise  con- 
tient  1500  panneaux  peau  pour  le  demi-avion 
(cf.  Figure  3).  La  pointe  avant  de  l'avion  est  fl- 
nement  discretisee  et  l'utilisation  de  condi¬ 
tions  aux  limites  de  type  debit  nul  au  travers 
de  ces  panneaux  impose  d’efiectuer  le  calcul 
aerodynamique  FP3D  a  Mach  nul. 

ATR72 

Pour  l'ATR72,  ont  ete  etudiees  les  trois 
conditions  suivantes: 

1.  Phase  de  vol:  Max  Cruise 
Altitude:  15000  ft 
Incidence:  0.2  ° 

Vitesse:  147.2  m/s 
Temperature  statique:  253.15  °K 

2.  Phase  de  vol:  Take-off 
Altitude:  0  ft 
Incidence:  5.8° 

Vitesse:  63.8  m/s 
temperature  statique:  269.15  °K 

3.  Phase  de  vol:  Landing 
Altitude:  5000  ft 
Incidence:  3.7° 

Vitesse:  43.m/s 

Temperature  statique:  269.15  °K 

L'implantation  des  temoins  visuels  de 
givre  est  indiquee  sur  la  figure  4.  Ce  sont  de  pe- 
tites  tiges  profllees  installees  en  vue  des  pi- 
lotes  et  censees  capter  du  givre  le  cas  echeant. 
Us  renseignent  done  l'equipage  sur  la  necessity 
ou  non  de  mettre  en  route  les  systemes  de  degi- 
vrage  ou  d'anti-givrage. 

Pour  cet  avion,  le  maillage  utilise  dans 
tous  les  cas  contient  2440  panneaux  peau  pour 
le  demi-avion  (cf.  Figure  3).  Comme  pour 
l'A340,  la  pointe  avant  de  l'avion  est  finement 
discretisee  et  l'utilisation  de  conditions  aux 
limites  de  type  debit  nul  au  travers  de  ces  pan¬ 
neaux  impose  d'effectuer  le  calcul  aerodyna¬ 
mique  FP3D  a  Mach  nul. 

Determination  de  la  trajectoire  arrivant 
en  un  point  donn£ 

Les  figures  5  et  6  present ent  une  visua¬ 
lisation  des  trajectoires  de  gouttes  calculees 
pour  l'ATR72  lore  de  la  recherche  automatique 
du  point  de  depart  de  la  trajectoire  arrivant  en 
un  point  cible  donn£.  Pour  la  comprehension, 
seules  les  trajectoires  calculees  dans  la  pre¬ 


miere  direction  de  descente  trouvee  ont  ete  re¬ 
presentees,  en  plus  des  trajectoires  ayant  per- 
mis  de  determiner  le  gradient  au  point  de  de¬ 
part  initial. 

Positionnement  des  sondes 

Le  graphique  7  presente  les  valeurs  des 
coefficients  de  concentration  calcules  pour  les 
trois  sondes  de  l'A340,  en  fonction  du  diamdtre 
des  gouttelettes  d'eau.  Ces  sondes  sont  bien  po- 
sitionnees,  car  la  concentration  d'eau  mesuree 
est  superieure  de  10%  seulement  &  celle  de  l'in- 
flnl  amont,  et  est  peu  sensible  au  diametre  des 
gouttes.  En  effet,  la  figure  8  montre  l'allure 
classique  de  revolution  du  coefficient  de 
concentration  en  fonction  de  la  distance  a  la 
paroi  de  l'avion.  A  la  zone  d'ombre  (ou  couche 
limite  de  givrage),  dans  laquelle  aucune  trajec¬ 
toire  de  goutte  ne  peut  parvenir,  succ£de  une 
zone  d'intense  surconcentration,  ce  coefficient 
tendant  ensuite  vers  l'unite  a  mesure  que  l'on 
s'eloigne  de  la  paroi.  Cela  signifle  done  que  les 
sondes  A340  ont  6td  positionnees  suffisam- 
ment  loin  de  la  peau  de  l’avion  pour  eviter  la 
zone  de  tres  forte  surconcentration  dont  la  po¬ 
sition  est  tres  d6pendante  du  diametre  des 
gouttelettes  considere.  Les  mesures  faites 
pourront  done  fttre  considerees  comme  repre¬ 
sentatives  des  conditions  de  givrage  am- 
biantes. 

Le  graphique  9  est  analogue  au  prece¬ 
dent  mais  pour  les  temoins  de  l'ATR72.  Pour  le 
temoin  lateral  en  cas  de  vol  de  croisiere,  la 
surconcentration  mesuree  est  tres  dependante 
du  diametre  des  gouttes  d'eau.  En  effet,  le  te¬ 
moin  de  givre  considers  est  fixe  sur  la  peau  de 
l'avion  et  tres  pres  de  celle-ci.  Pour  les  gros 
diametres  de  gouttes,  le  temoin  se  trouve  alors 
dans  la  zone  de  trSs  forte  concentration.  Pour 

des  diamStres  supSrieurs  &  50  pm,  il  se  trouve- 
rait  certainement  dans  la  zone  d’ombre,  ou 
couche  limite  de  givrage,  dans  laquelle  les  tra¬ 
jectoires  de  gouttelettes  ne  peuvent  penetrer  et 
ou  la  concentration  est  nulle  par  consequent. 
Cette  position  de  temoin  n’est  done  pas 
conseillee,  sa  captation  Stant  tres  sensible  au 
diametre  des  gouttes  rencontrees. 

Pour  le  tSmoin  de  pare-brise,  le  coeffi¬ 
cient  de  concentration  est  peu  influence  par  le 
diametre  des  gouttelettes  et  reste  voisin  dc 
l'unite,  ce  qui  est  l'assurance  comme  pour 
I'A340  d’une  bonne  reprtsentativit^  des  condi¬ 
tions  de  givrage  ambiantes.  De  plus,  le  cas  de 
vol  n'a  lui  non  plus  que  tr&s  peu  d'influence  sur 
le  coefficient  de  concentration,  ce  qui  permet 
de  garantir  une  efflcacite  du  temoin  quelle  que 
soit  la  phase  de  vol. 


Visualisation  de  Involution  du  coefficient 
de  concentration 

II  est  difficile  de  donner  une  image  en 
tridimensionnel  de  1’evolution  spatiale  d'un 
parametre,  pour  notre  cas  du  coefficient  local 
de  concentration  d'eau.  D'autant  plus  que  la 
valeur  de  celui-ci  est  obtenue  en  faisant  le  rap¬ 
port  de  surfaces  interceptees  par  des  tubes  de 
trajectoires  de  gouttes  qu'il  serait  beaucoup 
trap  cofiteux  de  calculer  dans  tout  l'espace. 
Neanmoins,  lorsque  l'on  s'interesse  a  revolu¬ 
tion  de  ce  parametre  autour  d'un  point  precis, 
il  est  possible  de  combiner  a  la  recherche  de  la 
trajectoire  de  goutte  arrivant  en  ce  point,  le 
calcul  d'une  grille  de  trajectoires  environ- 
nantes.  A  partir  de  cette  grille  de  trajectoires, 
il  est  possible  de  calculer  les  surfaces  amont  et 
aval  des  tubes  de  trajectoires  et  d'en  deduire  le 
coefficient  de  concentration.  Cette  valeur  est 
alors  affectee  au  barycentre  de  la  surface  aval 
du  tube.  Devolution  du  coefficient  dans  une 
portion  du  plan  d'arrivee  est  alors  representee 
a  l'aide  de  moyens  graphiques  bi  ou  tridimen- 
sionnels.  Les  figures  10  a  12  presentent  de 
telles  visualisations  pour  la  sonde  laterale  de 
l'ATR72,  pour  les  diametnes  de  gouttes  de  20  et 
50  p.m.  Pour  50  pm,  la  zone  d'intense  surcon- 
centration  apparait  nettement  pres  de  la  paroi 
de  1'avion,  tandis  qu'au  meme  endroit  la  sur- 
concentration  est  beaucoup  plus  faible  pour  20 
pm. 

Les  couts 

Pour  qu'une  methode  soit  utilisable  au 
niveau  Industrie!,  il  est  necessaire  qu’elle  soit 
d’une  mise  en  oeuvre  rapide  et  que  let*  cofits 
d’utilisation  soient  en  rapport  avec  les  ser¬ 
vices  rendus.  Pour  montrer  ce  qu'il  en  est  des 
outils  presentes  ici,  nous  detaillons  dans  la 
suite  les  temps  d'execution  des  calculs  sur  le 
supercaiculateur  CRAY  XMP1 16  dont  nous 
disposons. 

Pour  le  maillage  ATR72  a  2440  pan- 
neaux  peau: 

Cofit  du  calcul  du  champ  aerodyna- 
mique  par  la  methode  des  slngularites  FP3D: 

510  s  CPU 

Cofit  de  la  recherche  automatique  de  la 
trajectoire  de  gouttes  arrivant  au  niveau  de  la 
sonde  laterale: 

910  s  CPU 

Ccfit  du  calcul  dc  la  grille  de  trajec¬ 
toires  de  gouttes  environnant  le  point  cible  (24 
trajectoires): 


On  voit  done  ainsi  que  l’outil  est  tout  a 
fait  compatible  avec  des  exigences  indus- 
trielles,  apportant  une  aide  au  positionnement 
et  a  l'etalonnage  de  sondes  et  capteurs  des  le 
stade  de  la  conception  au  niveau  du  bureau 
d'etudes. 


Conclusion 

Cette  methode  theorique  de  determina¬ 
tion  des  coefficients  de  concentration  d’eau  au¬ 
tour  d'un  avion  est  a  present  tout  a  fait  opera- 
tionnelle.  Elle  a  permis  de  deflnir  en  particu- 
lier  les  positions  de  sondes  de  givrage  sur  dif- 
ferents  avions,  Airbus  et  ATR.  Des  essais  en 
vol  avec  ces  sondes  installees  devraient  per- 
mettre  dans  un  proche  avenir  de  la  valider 
plus  completement. 
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Figure  1  -  Definition  du  coefficient  de  concentration  d'eau 


Figure  3  -  Maillages  ATR  et  Airbus  pour  le  calcul  aerodynamique 


T 


ATR  72 

Positions  des  temoins 

A:  temoin  frontal 
B:  temoin  lateral 


Figure  4  -  Positlonnement  des  sondes  sur  ATR 


Figure  7  - 


Evolution  du  coefficient  de  concentration  avec  le  diametre  des  gouttes  d’eau 
pour  l'A340 
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ATR  72 

Coefficient  de  captation 
au  niveau  des  t^moins  en  fonction 
du  diam&tre  des  gouttelettes  d'eau 
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Figure  9  -  Evolution  du  coefficient  de  concentration  avec  le  diametre  des  gouttes  d’eau 
pour  l’ATR 


Figure  10  -  Grille  de  trajectolres  de  gouttes  et  coefficient  de  concentration  au  niveau  du 
tSmoln  lateral  de  l'ATR 
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Figure  1 1  -  Comparaison  pour  deux  dlametres  de  gouttes  des  coefficients  de  concentration 

au.niveau  du  temoin  lateral  de  l'ATR 


Figure  12  -  Comparaison  pour  deux  dlametres  de  gouttes  des  coefficients  de  concentration 
au  niveau  du  temoin  lateral  de  l'ATR  (detail) 
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Summary 

The  sectional  and  total  aerodynamic  load  characteristics 
of  moderate  aspect  ratio  wings  with  and  without  simu¬ 
lated  glaze  leading-edge  ice  are  studied  both  computa¬ 
tionally,  using  a  three-dimensional,  compressible 
Navier-Stokes  solver,  and  experimentally.  The  wing  has 
an  untwisted,  untapered  planform  shape  with  NACA 
0012  airfoil  section.  The  wing  has  an  unswept  and  swept 
configuration  with  aspect  ratios  of  4.06  and  5.0,  respec¬ 
tively.  Comparisons  of  computed  surface  pressures  and 
sectional  loads  with  experimental  data  for  identical  con¬ 
figurations  are  given.  The  abrupt  decrease  in  stall  angle 
of  attack  for  the  wing,  as  a  result  of  the  leading  edge  ice 
formation,  is  demonstrated  numerically  and  experimen¬ 
tally. 

List  of  Symbols 

b  span  length  at  leading  edge 

Ci  sectional  lift  coefficient 

Cl  wing  lift  coefficient 

Cp  pressure  coefficient 

F, F  inviscid  flux  vector 

G, G  inviscid  flux  vector 

H  JI  inviscid  flux  vector 

q/l  flow  properties  vector 

R^f  viscous  terms 

SfS  viscous  terms 

T,T  viscous  terms 

t  time 

x  Cartesian  coordinate 

y  Cartesian  coordinate 

y  spanwise  coordinate 

z  Cartesian  coordinate 

T)  curvilinear  coordinate 

t  time 

E,  curvilinear  coordinate 

C,  curvilinear  coordinate 


1.  Introduction 

The  adverse  effects  of  ice  formation  on  the  aerody¬ 
namic  characteristics  of  wings  and  helicopter  blades  are 
well  known.1,2  It  is  known  that  icing  may  cause  prema¬ 
ture  flow  separation  and  lead  to  stall  at  angles  of  attack 
as  low  as  6  degrees.  Techniques  for  quantitative  predic¬ 
tion  of  the  3D  leading  edge  ice  formation  process  and  the 
effects  of  icing  on  the  aerodynamic  performance  of 
wings  and  rotors  are  however  not  well  developed.  Reli¬ 
able  techniques  for  quantitative  prediction  of  the  above 
phenomena  are  urgently  needed,  so  that  next  generation 
aircraft  and  rotorcraft  may  be  designed  to  cope  with 
icing.  Additionally,  experimental  iced  wing  flow  field 
data  is  required  for  code  validation  efforts. 

Recognizing  the  need  for  improved  understanding 
of  the  aircraft  icing  phenomena,  a  multi-disciplinary 
research  program  has  been  underway  under  the  funding 
and  direction  of  NASA  Lewis  Research  Center,  for  the 
past  several  years.  Work  performed  under  this  program 
covers  areas  such  as: 

•  Numerical  modeling  of  the  ice  accretion  process 
and  development  of  an  associated  code  validation 
database 

•  Experimental  studies  of  the  effects  of  icing  on  the 
aerodynamic  characteristics  of  finite  wings 

•  Efficient  engineering  tools  based  on  a  combina¬ 
tion  of  panel  methods  and  interactive  boundary 
layer  schemes  to  predict  aerodynamic  characteris¬ 
tics  up  to  stall  onset 

•  Research  tools  based  on  3D  Navier-Stokes  equa¬ 
tions  to  study  the  pre-  and  post  stall  characteristics 
of  finite  wings 

These  activities,  although  only  a  portion  of  the  over¬ 
all  icing  effort,  constitute  a  major  part  of  the  program  for 
simulation  of  an  icing  encounter  for  a  fixed  wing  aircraft. 
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Initial  research  on  development  of  analytical  and 
computational  tools  for  simulation  of  iced  airfoil  aerody¬ 
namics  was  centered  on  two-dimensional  flows.3"5  This 
was  supported  by  an  extensive  experimental  program  for 
characterization  of  the  2D  iced  airfoil  flow  field.6"8 
Results  of  that  research  indicated  reasonable  agreement 
between  code  and  experiment  for  angle  of  attack  condi¬ 
tions  up  to  stall.  There  is  still  some  concern  over  the  role 
of  turbulence  models  in  the  prediction  of  massive  separa¬ 
tion  at  stall  condition.4,9 

The  present  work  describes  the  NASA  sponsored 
effort  to  develop  a  validated  3D  Navicr-Stokes  solver  for 
study  of  the  aerodynamic  characteristics  of  isolated  wing 
configurations  for  non-iced  and  iced  conditions.  The 
computer  code  was  developed  by  Sankar,  et  al.10"12  and 
the  current  calculations  were  performed  by  Kwon  and 
Sankar.13,14  The  experimental  results  were  produced  by 
Bragg  and  his  students.8,15,16  The  wing  geometry  being 
considered  has  an  untwisted,  untapered  planform  shape 
with  NACA  0012  airfoil  section.  The  wing  has  an 
unswept  and  swept  configuration  with  aspect  ratios  of 
4.06  and  5.0,  respectively. 

The  results  presented  have  been  documented  in  pre¬ 
vious  publications.8,13"16  However,  this  paper  provides 
an  opportunity  to  assess  the  current  status  of  the  simula¬ 
tion  effort  for  iced  aircraft  aerodynamics,  to  discuss  the 
issues  as  yet  unresolved,  and  to  suggest  the  direction  for 
future  research.  Detailed  comparisons  with  experiments 
of  the  surface  pressures  and  sectional  airloads  are  used  to 
provide  a  basis  for  the  discussion. 

2.  Code  Description 

2.1  Governing  Equations 

The  equations  governing  unsteady  three-dimen¬ 
sional  flow  are  the  full  Navicr-Stokes  equations,  and  may 
be  written  in  a  Cartesian  coordinate  system  as: 


qt  +  Fx  +  Gy  +  Hz  =  Rx  +  Sy  +  Tj 


(1) 


Here,  q  is  the  unknown  flow  properties  vector;  F,  G 
and  H  arc  the  inviseid  flux  vectors;  R,  S,  and  T  are  the 
viscous  terms.  To  facilitate  treatment  of  arbitrary  plan- 
forms  and  airfoil  shapes,  the  equations  arc  solved  in  a 
body-fitted  coordinate  system.  The  following  general 
curvilinear  coordinate  system  is  used: 


C  =  S(*.y.z.O 


h  =  Ti(x,y,z,0 


X  -  t 


(2) 


In  such  a  coordinate  system,  the  governing  equa¬ 
tions  may  be  written  in  the  following  strong  conservation 
form: 


Qx  +  =  /?£  + 

The  quantities  q,  F,  G,  H,  R,  S,  T  are  related  to  their 
Cartesian  counterparts  through  the  metrics  of  transfor¬ 
mation.  For  a  detailed  description  of  the  flow  and  flux 
vectors  in  the  Cartesian  and  transformed  coordinate  sys¬ 
tems,  the  reader  is  referred  to  Reference  12. 

A  two  layer  Baldwin-Lomax  eddy  viscosity  model 
patterned  after  the  well  known  Cebeci-Smith  model  has 
been  used  in  this  work.  Use  of  such  a  simple  model  in 
massively  separated  flows  may  be  considered  question¬ 
able.  In  order  to  address  this  concern,  studies  of  2D 
stalled  flows  for  iced  airfoils  using  other  models  have 
been  conducted  by  Potapczuk4,9  and  Wu.17  Potapczuk 
used  a  modified  mixing  length  model  and  found  some 
improvement  in  the  simulation  for  conrf^ons  at  stall, 
however  those  results  require  further  investigation  for  3D 
calculations.  Wu’s  results  indicate  that  the  use  of  higher 
order  turbulence  models  does  not  significantly  improve 
the  accuracy  of  the  simulation  for  iced  airfoils.  In  order 
to  keep  the  computer  time  resources  small,  the  Baldwin- 
Lomax  model  has  been  used  in  all  the  3D  calculations 
presented  here. 

2.2  Solution  Procedure 

The  governing  equations  are  parabolic  in  time,  and 
may  be  advanced  in  time  using  a  suitable  stable,  dissipa¬ 
tive  scheme.  Standard  second-order  accurate,  central  dif¬ 
ferences  are  used  to  approximate  the  fpatial  derivatives 
and  to  compute  the  metrics  of  the  transformation.  The 
flux  vectors  F  and  H  are  linearized  while  the  spanwise 
flux  vector,  G,  is  treated  scmi-implicitly,  thus  requiring 
no  time  linearization.  The  viscous  terms  arc  treated 
explicitly.  The  time  derivative  is  approximated  as  a  first- 
order  accurate,  two-point  backward  difference. 

2.3  Grid  Generator 

An  algebraic  C-grid  generator  has  been  built  in  to 
the  computer  code,  and  can  generate  computational  grids 
around  arbitrary  planforms  and  arbitrary  airfoil  sections. 
The  grid  generation  methodology  is  based  on  the  sheared 
parabolic  coordinate  scheme.  The  user  needs  to  prescribe 
the  leading  edge  coordinates  and  the  section  chord  and 
twist  at  chosen  stations.  The  grid  generation  routines  per¬ 
form  the  necessary  interpolation  (linear  along  the  span 
and  cubic  in  the  chordwise  direction)  to  enrich  the  input 
wing  shape.  After  the  sheared  parabolic  grid  is  gener¬ 
ated,  the  points  along  the  grid  lines  in  the  direction 
approximately  normal  to  the  wing  surface  are  redistrib¬ 
uted  so  that,  the  first  point  off  the  wall  is  at  a  user  speci¬ 
fied  distance  off  the  surface,  and  an  adequate  number  of 
points  are  placed  within  the  boundary  layer.  A  typical 
grid  for  a  swept  wing  is  presented  in  Figure  1  which 
shows  the  upper  half  of  the  computational  domain  at  the 
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wing  root  plane  and  oh  the  surface  of  the  wing.  The  grid 
at  the  wing  root  plane  can  be  used  as  a  reflection  plane  or 
as  a  solid  surface  representing  the  wind  tunnel  wall. 

2,4  Boundary  Conditions 

In  the  present  numerical  procedure,  all  the  boundary 
conditions  are  applied  explicitly  after  each  time  step. 
Since  these  cases  deal  with'low  subsonic  Mach  numbers, 
the  flow  quantities  at  the  far-field  are  set  to  be  the  undis¬ 
turbed  freestream  conditions,  lb  satisfy  this  condition, 
the  far-field  boundaries  are  placed  at  least  6  to  7  chord 
lengths  from  the  surface  of  the  wing.  At  the  downstream 
boundary,  the  pressure  is  assumed  to  recover  to 
freestream  values  and  all  the  other  flow  properties  are 
extrapolated  from  the  interior.  The  C-grid  generated  by 
the  present  algebraic  transformation  created  a  cut  that 
originates  from  the  trailing  edge.  On  this  cut  the  flow 
quantities  are  averaged  from  above  and  below. 

Two  types  of  boundary  conditions  have  been  used  at 
the  wing  root  location.  The  experimental  model  is  a 
semi-span  wing  with  a  splitter  wall  at  the  root  location. 
This  splitter  wall  is  used  to  minimize  the  effects  of  the 
tunnel  wall  boundary  layer  on  the  flow  over  the  wing. 
The  wing-splitter  wall  intersection  results  in  the  develop¬ 
ment  of  a  vortical  flow  region  which  reduces  the  effective 
angle  of  attack  at  the  wing  root  This  effect  is  minor  for 
the  non-iced  geometry  but  can  play  an  important  role  in 
the  aerodynamics  of  the  iced  wing.  In  order,  to  properly 
capture  this  phenomena,  a  no-slip  boundary  condition  is 
applied  at  the  wing  root-splitter  plate  junction  for  the 
iced  geometry.  The  spanwise  spacing  of  nodal  planes  in 
this  region  is  quite  small  in  order  to  capture  these  effects, 
thus  resulting  in  a  significant  increase  in  the  number  of 
gric  vOints  to  be  computed.  In  the  case  of  a  non-iced 
geometry,  a  reflection  plane  was  used  at  the  root,  thus 
allowing  coarser  grid  spacing  in  the  spanwise  direction 
and  hence  a  less  costly  computation. 

3.  Description  of  Experiment 

3,1  Apparatus 

The  experiments  described  in  this  report  were  con¬ 
ducted  in  the  Ohio  State  University  (OSU)  subsonic 
wind  tunnel  located  at  the  Aeronautical  and  Astronauti- 
cal  Research  Laboratory  and  later  in  the  subsonic  wind 
tunnel  at  the  University  of  Illinois.  The  OSU  tunnel  has 
a  three-by-five  foot  test  section,  eight  feet  in  length.  The 
tunnel  operates  at  speeds  from  zero  to  200  feet  per  sec¬ 
ond  at  Reynolds  numbers  of  up  to  1.3  x  106  per  foot  The 
tunnel  is  an  open  return  type  and  uses  four  turbulence 
screens  and  honeycomb  in  the  settling  chamber  to  reduce 
tunnel  turbulence.  The  University  of  Illinois  tunnel  is  of 
similar  design  with  a  three  -by-four  foot  test  section, 
eight  feet  in  length.  The  Illinois  tunnel  operates  at  speeds 


from  zero  to  240  feet  per  second  at  Reynolds  numbers  of 
up  to  1.5  x  106  per  foot. 

The  model  used  in  testing  is  a  semi-span  wing  hav¬ 
ing  a  NACA  0012  airfoil  section  with  a  variable  (i.e.  0° 
or  30°)  sweep  angle.  Results  have  been  obtained  using 
both  sweep  angles.  The  model  has  a  chord  ofl5  inches 
perpendicular  to  the  leading  edge  and  a  span  of  35.18 
inches;  The  chord  length  was  chosen  to  provide  as  large 
an  aspect  ratio  as  possible  with  minimum  tunnel  wall 
interference  and  high  Reynolds  number.  The  model  has  a 
removable  leading  edge,  thus  allowing  simulation  of  a 
non-iced  or  iced  wing  geometry.  The  iced  leading  edge  is 
a  simulation  of  a  measured  ice  accretion  on  a  NAGA 
0012  airfoil  taken  from  the  NASA  Lewis  Icing  Research 
Tunnel.  A  cross-sectional  view  of  the  simulated  glaze  ice 
shape  is  shown  in  Figure  2. 

The  model  is  equipped  with  surface  static  pressure 
taps,  as  shown  in  Figure  3.  The  taps  arc  located  in  5 
major  rows  plus  a  row  on  the  tip  section.  Only  the  5 
major  pressure  tap  rows  are  shown  in  the  figure,  as  they 
were  the  ones  used  for  comparison  to  the  computations. 
The  centerline  row  of  taps  has  80  taps  in  the  no-ice  con¬ 
figuration  and  83  in  the  iced  configuration.  The  other  4 
rows  on  the  main  element  have  40  and  41  taps  in  the  no¬ 
ice  and  iced  configurations,  respectively.  The  wing  tip 
section  has  21  taps.  The  total  number  of  pressure  taps  on 
the  model  is  thus,  261  in  the  no-ice  configuration  and  268 
in  the  iced  configuration. 

Pressure  measurements  were  made  using  a  Scani- 
valve  system.  Six  Scanivalves  capable  of  measuring  48 
pressures  each  were  used.  No  cut-off  valves  were  used 
during  the  testing.  For  the  zero-sweep  tests,  a  single  tra¬ 
versing  total-pressure  probe  was  used  to  measure  the  air¬ 
foil  wake.  The  probe  was  located  approximately  one 
chord  length  downstream  of  the  model  trailing  edge  and 
at  the  spanwise  station,  y/b = 0.417,  which  is  between  the 
second  and  third  tap  rows. 

M  Pressing  Bala  EsdudiflU 

The  model  pressures  were  converted  to  pressure 
coefficients  using  the  measured  tunnel  dynamic  pressure 
taken  from  each  of  the  Scanivalves.  The  pressure  coeffi¬ 
cients  were  integrated  over  the  surface  of  the  model  to 
produce  the  section  lift  coefficient.The  total  pressure  def¬ 
icit,  measured  by  a  wake  probe,  was  integrated  to  obtain 
the  airfoil  section  drag  for  the  zero  sweep  model.  Note 
that  when  span  loads  are  shown,  y  is  taken  parallel  to  the 
leading  edge  and  Cj  is  taken  along  the  tap  lines  perpen¬ 
dicular  to  the  leading  edge.  When  the  span  loads  are  inte¬ 
grated  to  obtain  model  Cl,  the  sectional  lift  coefficient  at 
the  wing  toot  is  taken  as  equal  to  value  for  the  first  tap 
row  and  the  Cj  at  the  tip  is  approximated  as  1/2  that  of 
the  last  tap  row. 
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Further  details  regarding  the  equipment  used  for 
data  acquisition  and  reduction  are  provided  in  Refer¬ 
ences  6*8, 15,  and  16. 

3.3  Helium  -Bubble  Flow  Visualization 

Helium-bubble  flow  visualization  was  conducted 
using  a  bubble  generator  manufactured  by  Sage  Action, 
Inc.  The  bubbles  are  approximately  1/16  inch  in  diameter 
and  are  formed  by  injecting  helium  into  a  special  soap 
film  using  a  concentric  injection  tube  arrangement.18 
The  helium-filled  bubbles  are  approximately  neutrally 
buoyant  and  are  able  to  follow  the  complex  separated 
flows  found  on  iced  airfoils.  Two  bubble  generator  heads 
producing  a  total  of 800  bubbles  per  second  were  located 
in  the  tunnel  settling  chamber  just  aft  of  the  turbulence 
screens. 

The  bubbles  are  illuminated  from  a  point  orthogonal 
to  the  viewing  position.  For  the  planform  or  top  view 
shown  later  in  this  paper,  the  light  beam  entered  the  tun¬ 
nel  through  the  side  window,  over  the  wing  tip.  Photos 
were  then  taken  through  a  plexiglass  window  in  the  tun¬ 
nel  floor  and  the  model  was  mounted  inverted,  upper  sur¬ 
face  down. 

Details  regarding  the  photographic  equipment  and 
video  recording  equipment  used  to  capture  the  bubble 
images  are  contained  in  Reference  16. 

4.  Results  and  Discussion 

The  experiments  and  computations  were  carried  out 
for  a  combination  of  conditions  encompassing  the  iced 
and  non-iced  geometry,  the  0°  and  30°  sweep  angles,  and 
4°  and  8°  angle  of  attack  conditions.  This  discussion  will 
center  on  a  review  of  progress  to  date,  issues  that  remain 
unresolved,  and  on  what  activities  are  planned  to  address 
those  issues. 

4.1  Rectangular  Wing 

The  pressure  distributions  at  several  spanwise  loca¬ 
tions  for  the  non-iced  unswept  wing  at  the  8°  angle  of 
attack  condition  are  shown  in  Figure  4.  These  results 
show  very  good  agreement  at  all  the  span  locations.  The 
pressure  peaks  near  the  leading  edge  are  captured  quite 
well.  Some  differences  are  seen  near  the  trailing  edge 
region,  most  likely  due  to  poor  grid  resolution.  The  pro¬ 
file  at  the  85  percent  span  location  indicates  an  overpre¬ 
diction  of  the  Cp  values  by  approximately  5  percent  for 
the  first  20  percent  chord. 

The  effect  of  the  wall  boundary  condition  is  also 
seen  in  Figure  4.  The  differences  in  Cp  due  to  the  wall,  at 
die  measurement  locations,  is  not  large.  lowever,  differ¬ 
ences  are  apparent  when  the  calculated  results  using 
either  set  of  wall  boundary  conditions  are  compared  at 
locations  inboard  of  the  17  percent  span  location.  Figure 


5  shows  these  differences.  The  wall.boundary  condition 
actually  increases  the  lift.  No  measurements  have  been 
taken  in  this  region,  however  the  effects  of  the  splitter- 
wall  boundary  layer  will  be  investigated  in  future  testing 
through  the  use  of  a  side-wall  suction  mechanism. 

Figure  6  shows  the  spanwise  distribution  of  the  com¬ 
puted  and  measured  airloads  (i.e.  measured  surface  pres¬ 
sures  integrated  over  the  chord)  at  4°  and  8°  angle  of 
attack  fora  non-iced  unswept  wing.  The  computed  air¬ 
loads  are  generally  in  good  agreement  with  the  measured 
loads  over  the  span,  even  though  the  rate  of  decrease 
along  the  span  between  the  mid  semi-span  and  the  tip  is 
smaller  than  in  the  experiment  This  gives  slightly  higher 
loading  in  this  range.  These  discrepancies  are  partly 
attributable  to  the  lack  of  spanwise  grid  points  which  are 
necessary  to  properly  handle  the  concentrated  vortex 
shedding  off  the  wing  tip. 

The  addition  of  the  ice  shape  to  the  leading  edge 
causes  a  considerable  change  to  the  surface  pressure  dis¬ 
tributions.  The  recirculation  region  behind  the  ice  shape 
alters  the  pressure  peaks  at  the  leading  edge.  The  typical 
flat  profile  of  a  separated  flow  region  is  indicated  by  the 
experimental  results  for  the  4°  angle  of  attack  condition, 
as  seen  in  Figure  7.  The  calculated  results,  also  shown  in 
Figure  7,  indicate  a  much  larger  pressure  spike  at  the 
leading  edge  than  the  experiments  suggest.  This  phe¬ 
nomenon  has  been  seen  by  other  researchers4,5  and  has 
yet  to  be  examined  in  detail.  It  has  been  suggested  that 
this  may  be  due  coarse  grid  code  resolution  around  the 
ice  horn.  The  spanwise  distribution  of  the  computed  and 
measured  airloads  are  shown  in  Figure  8.  The  results 
indicate  very  good  agreement  for  the  4°  angle  of  attack 
condition. 

At  8°  angle  of  attack,  the  importance  of  the  wall 
boundary  condition  becomes  apparent.  Figures  9  and  10, 
Cp  distributions  at  several  spanwise  locations,  show  the 
results  of  using  the  no-wali  and  wall  boundary  condi¬ 
tions,  respectively.  It  is  suggested  that  the  interaction  of 
the  separation  region  behind  the  ice  shape  with  the  wing- 
wall  vortex  at  the  root  leads  to  reattachmcnt  of  the  sepa¬ 
rated  flow.  Neglecting  this  interaction,  as  in  the  calcula¬ 
tions  for  Figure  9,  results  in  separation  over  the  entire 
length  of  the  wing  at  the  root  sections  and  underpredic¬ 
tion  of  the  Cp  suction  peak.  The  spanwise  load  distribu¬ 
tions  (Figure  8)  also  show  the  influence  of  the  wall 
boundary  condition  on  the  computed  results. 

The  grid  required  to  incorporate  the  wall  boundary 
conditions  consisted  of  a  151  by  42  by  43  array  of  nodal 
points.  Obviously,  this  is  a  significant  increase  in  the 
computational  requirements  of  the  calculation  when 
compared  to  the  no-wall  calculation,  which  has  a  131  by 
19  by  30  array  of  nodal  points.  This  doubling  of  the  size 
of  the  grid  is  necessary  in  this  case  because  the  no-wall 


7-5 


boundary  condition  misses  a  significant  part  of  the  phys¬ 
ics  of  this  problem. 

The  other  point  to  be  made  here  is  that  the  wall 
boundary  condition  must  be  included  in  all  calculations, 
if  the  code  is  to  be  used  as  a  predictive  tool.  Since  it  is  not 
known  beforehand  at  what  angle  of  attack  the  recircula¬ 
tion  zone  will  develop  into  a  completely  separated 
region,  the  wall  boundary  condition  must  be  used  to 
insure  that  the  code  does  not  prematurely  predict  separa¬ 
tion  and  stall  of  the  iced  wing.  This  also  suggests  that 
two-dimensional  calculations  for  the  stall  of  an  iced  wing 
will  undoubtedly  result  in  conservative  predictions  for 
the  performance  behavior. 

4.2  Swept  Wine 

The  effect  of  sweep  on  the  wing  model  is  seen  in 
Figure  1 1  which  shows  the  integrated  lift  values  for  pos¬ 
itive  and  negative  angles  of  attack,  as  measured  in  the 
wind  tunnel.  The  swept  wing  has  a  lower  lift-curve  slope 
and  a  higher  stall  angle  than  the  rectangular  wing  model. 

The  influence  of  the  wall  boundary  condition  is  seen 
in  Figures  12  and  13,  which  show  Cp  distributions  and 
spanwise  lift  distributions,  respectively.  Both  figures 
indicate  that  the  wall  does  not  significantly  influence  the 
aerodynamics  of  the  non-iced  swept  wing. 

The  pressure  distributions  at  several  spanwise  loca¬ 
tions  for  the  4°  angle  of  attack  condition  are  shown  in 
Figure  14.  The  comparisons  to  experiment  indicate  good 
agreement  except  for  the  pressure  spike  at  the  horn  of  the 
ice  shape  and  the  oscillation  in  the  pressure  trace  at  the 
trailing  edge.  As  mentioned  in  the  discussion  of  results 
for  the  rectangular  wing,  the  leading  edge  pressure  spike 
has  been  attributed  to  lack  of  resolution  in  the  computa¬ 
tions,4,5,13  although  no  attempt  has  been  made  to  system¬ 
atically  verify  that  contention.  A  similar  argument  is 
made  for  the  evaluation  of  the  trailing  edge  region.  The 
large  number  of  grid  points  needed  to  characterize  the 
iced  wing  geometry  has  led  to  some  compromise  on 
accuracy  of  the  solution  in  non-critical  regions.  This 
compromise  has  not  resulted  in  poor  agreement  between 
computation  and  experiment  for  the  airloads,  as  seen  in 
Figure  15. 

Particle  traces  developed  from  the  calculated  results 
are  shown  in  Figures  16  and  17.  The  figures  indicate  a 
separation  zone  near  the  leading  edge  of  the  wing  cover¬ 
ing  most  of  the  span.  Figure  16,  a  surface  oil  flow  simu¬ 
lation,  indicates  the  reattachment  line  at  10  percent  chord 
and  the  spanwise  flow  from  root  to  tip.  Figure  17,  con¬ 
sisting  of  particle  traces  ranging  from  zero  to  one  chord 
length  above  the  wing  surface,  shows  the  vortical  nature 
of  the  flow  in  the  separation  zone.  This  figure  can  be 
compared  to  the  photograph  of  a  helium  bubble  flow 
visualization  experiment,  conducted  in  the  Univ.  of  Illi¬ 
nois  wind  tunnel,  shown  in  Figure  18.  The  photograph 


also  shows  the  vortical  flow  in  the  separation  zone,  albeit 
with  fewer  traces  due  to  the  random  nature  of  the  bubble 
entrainment  process. 

The  8°  angle  of  attack  results  indicate  the  onset  of 
stall  for  the  wing,  progressing  from  the  tip  towards  the 
root.  The  pressure  distribution  comparisons,  Figure  19, 
show  regions  of  increasing  flow  separation  moving  from 
the  root  to  the, tip,  The  comparisons  between  the  calcu¬ 
lated  results  and  the  measurements  are  quite  good,  even 
at  the  outboard  stations.  The  spanwise  load  distributions, 
shown  in  Figure  15,  are  also  in  good,  agreement  The 
code  appears  to  be.  capable  of  indicating  the  onset  of  stall 
for  the  iced  wing. 

Figures  20  and  21  are  particle  traces  from  the  calcu¬ 
lated  results,  as  was  described  for  the  4°  angle  of  attack 
case.  The  surface  oil  flow  simulation;  Figure  20,  indi¬ 
cates  a  much  larger  region  of  flow  separation.  The  rcat- 
tachment  line  starts  at  the  leading  edge  near  the  root  and 
moves  toward  the  trailing  edge  near  the  wing  tip.  At  the 
tip  region,  the  flow  separation  due  to  the  ice  shape 
merges  with  the  wing  tip  vortex,  thus  producing  the  com¬ 
plex  flow  pattern  seen  in  the  figure.  The  off-body  particle 
traces,  Figure  21,  show  the  center  of  the  vortical  flow 
moving  back  along  the  chord  as  it  progresses  from  the 
root  to  the  tip.  Interaction  with  the  tip  vortex  causes  the 
center  to  curve  towards  the  trailing  edge  very  rapidly 
over  the  last30  percent  of  span.  This  can  also  be  seen  in 
the  change  in  slope  of  the  lift  distribution  curve  (Fig.  1 5). 
Flow  visualization  experiments  are  underway  in  order  to 
verify  the  existence  of  the  flow  patterns  seen  in  the  com¬ 
putations. 

5.  Concluding  Remarks 

A  three-dimensional  Navier-Stokes  solver  has  been 
used  to  study  the  performance  of  non-iced  wings  and 
wings  with  simulated  glaze  leading-edge  ice  at  4°  and  8° 
angles  of  attack.  A  corresponding  wind  tunnel  test  pro¬ 
gram  is  underway  to  provide  highly  detailed  code  valida¬ 
tion  information.  The  calculated  chordwise  pressure 
distribution  and  the  integrated  sectional  loads  of  non- 
iced  wings  and  iced  wing  at  4°  angle  of  attack  are  in  good 
agreement  with  experiments.  The  locally  separated  flow 
region  at  the  iced  wing  leading  edge  is  reasonably  well 
predicted.  At  8°  angle  of  attack,  the  flow  over  the  iced 
wing  is  massively  separated.  Accurate  prediction  of 
chordwise  pressure  distribution  and  sectional  loads 
under  these  conditions  requires  representation  of  the  tun¬ 
nel  end  wall  boundary  condition  due, to  the  highly  3D 
nature  of  the  flow  field. 

These  results  indicate  the  need  for  further  investiga¬ 
tion  of  the  flowfield  characteristics  of  the  iced  swept 
wing.  Detailed  measurements  of  the  velocities  above  the 
wing  surface  are  required  to  validate  the  computational 
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predictions  of  the  vortical  spanwise  flow.  These  measure¬ 
ments  will  also  confirmthe  changes  in  flow  structure 
seen  as  the  angle  of  attack  increases/ Guirerif  plans  call 
for  the  use  of  adaser-ddppler  velocimeter  system'to 
obtain  the  detailed  flow  measurements  req  tired  for  vali¬ 
dation.  This  systemshbuld  also  provide  information  on 
turbulence  levels  in  the  flow  which  will  add  further  to  the 
evidence  for  validation  of  the  computations; 'Addition¬ 
ally,  a  force  balance  system  is  being  developed  to  provide 
integrated  lift,  drag,  arid  moment  measurements  for  the 
wing  model.  Flow  visualization  experiments  will  be  con¬ 
tinued  to  provide  qualitative  assessment  of  the  corre¬ 
spondence  between  calculation  and  experiment 

On  the  computational  side,  more  cases  must  be  run 
to  address  some  of  the  issues  identified  above.  Grid  res¬ 
olution  near  the  leading  and  trailing  edge  regions  must  be 
increased  to  provide  better  agreement  for  the  pressure 
distribution  on  the  wing.  The  grid  resolution  near  the 
wall  region  should  also  be  investigated  with  the  goal  of 
decreasing  the  number  of  spanwise  stations  necessary 
while  maintaining  accurate  reproduction  of  the  flowfield 
in  that  region. 
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Grid  System  for  Iced  Wing 
30  decree  sweep  angle 


Fig.  1  Grid  system  for  iced  wing  with  30°  sweep 
angle.  Grid  :  151x42x43. 
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-  SIMULATED  SHAPE 

Fig.  2  Simulated  glaze  ice  accretion. 


Fig.  3  Semi-span  swept  wing  model  including  pres¬ 
sure  tap  locations. 
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CHORD  CHORD 

Fig.  4  Surface  pressure  distributions  for  the  non-iced  unswept  wing  at  8°  angle  of  attack.  Wall  and  no-wall 
boundary  at  root  section. 


N 


Fig.  5  Spanwise  load  distributions  for  the  non-iced  Fig.  6  Spanwise  load  distributions  for  the  non-iced 

unswept  wing  at  8  angle  of  attack.  Wall  and  unswept  wing  at  4°  and  8°  angle  of  attack, 

no-wall  boundary  at  root  section. 
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Fig.  7  Surface  pressure  distributions  for  the  iced  unswept  wing  at  4°  angle  of  attack.  No-wall  boundary  at  root 
section. 


Fig.  8  Spanwise  load  distributions  for  the  iced 

unswept  wing  at  4°  and  8°  angle  of  attack. 
No-wall  and  wail  boundary  conditions  used. 
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Fig.  9  Surface  pressure  distributions  for  the  iced  unswept  wing  at  8°  angle  of  attack.  No-wall  boundary  at  root 
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Fig.  10  Surface  pressure  distributions  for  the  iced  unswept  wing  at  8°  angle  of  attack.  Wall  boundary  at  root 
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Fig.  12  Surface  pressure  distributions  for  the  non-iced  swept  wing  at  8°  angle  of  attack.  Wall  and  no-wall 
boundary  at  root  section. 
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Fig.  13  Spanwise  load  distributions  for  the  non-iced 
swept  wing  at  8°  angle  of  attack.  Wall  and 
no-wall  boundary  at  root  section. 
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Fig.  18  Helium-bubble  streaks  over  the  upper  surface  of  a  swept  wing  with  simulated  glaze  ice.  Re  =  6x10s, 

a  =  4°. 


0.0  0.2  0.4  0.6  0.8  1.0 

CHORD 


0.0  0.2  0.4  0.6  0 .?  •  0 

CHORD 


0.0  0.2  0.4  0.6  0.8  1. 

CHORD 


i  <■ 


Calculation 


Expe-iment  O 


Fig.  19  Surface  pressure  distributions  for  the  Scc'J  swept  wing  at  S°  angle  of  attack.  Wall  boundary  at  root 


Fig.  20  Surface  oil  flow  simulation  for  30°  swept 
wing  at  8°  angle  of  attack. 


Fig.  21  Off-body  particle  traces  for  30°  swept  wing 
at  8°  angle  of  attack. 
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ABSTRACT 

Computations  have  been  done  to  predict 
the  effects  of  various  extents  of  frost  coverage  on 
the  airfoil,  wing  and  take-off  performance  of  two 
hypothetical  aircraft,  a  small  light  aircraft  and  a 
large  transport  aircraft.  Airfoil  performance  was 
computed  using  rough-wall  boundary  layer  calcu¬ 
lations  coupled  to  an  inviscid  vortex  panel  method 
which  includes  a  capability  for  modelling  stalled 
flow  conditions.  The  roughness  parameters  deter¬ 
mined  for  one  of  the  frost  samples  were  used  for 
this  purpose.  A  lifting  line  analysis  was  used  to 
determine  wing  performance  from  the  airfoil  results. 

The  results  indicate  that  frost  having  an 
effective  height  of  only  0.4  mm  in  the  leading-edge 
region  of  a  wing  can  cause  serious  performance 
degradation  even  for  a  very  large  aircraft  On  the 
other  hand,  frost  coverage  beginning  well  down¬ 
stream  of  the  suction  peak,  for  example  at  about 
one-quarter  chord,  was  predicted  to  have  little 
effect. 


1.  Introduction 

It  is  well  known  that  frost  on  lifting  sur¬ 
faces  can  seriously  degrade  the  take-off  perfom- 
ance  of  aircraft1.  This  paper  examines  the  effects 
of  frost  roughness  on  wing  aerodynamics  and  on  the 
take-off  performance  of  two  hypothetical  aircraft,  a 
light  aircraft  and  a  large  jet  transport.  The  main 
parameters  of  the  two  aircraft  are  given  in  Table  1. 

Previous  investigations  into  the  effects  of 
frost  have  generally  relied  upon  experimental  data 
obtained  using  artificial  roughness,  such  as  sand,  to 
represent  frost  The  present  work  included  wind 
tunnel  measurements  of  the  aerodynamic  effects  of 
accurately  preserved  real  frost  These  experiments 
enabled  us  to  determine  appropriate  values  for 
effective  roughness  height  and  roughness  spacing 
parameters.  This  information  is  used  to  calculate 
the  aerodynamic  behaviour  of  the  airfoils  and  wings 


of  the  two  aircraft,  as  well  as  their  take-off 
performance,  with  various  amounts  of  frost 
coverage  on  the  wing  upper  surface. 


2.  Frost  Experiments 

Six  different  frost  samples  were  tested. 
These  were  grown  naturally  by  exposing  flat 
aluminum  plates  to  the  night  sky.  The  samples 
were  preserved  using  a  dissolved  plastic  solution. 
Figure  1  shows  photographs  of  a  frost  specimen 
before  and  after  preservation.  It  can  be  seen  that 
the  configuration  of  the  preserved  frost  is  virtually 
identical  to  that  of  the  actual  frost.  Figure  2 
presents  photographs  of  three  of  the  six  samples 
that  were  tested. 

The  plates,  covered  with  preserved  frost, 
were  placed  on  the  test-section  floor  of  a  low  speed 
wind  tunnel.  Boundary  layer  development  on  the 
1.8  m  long  plates  was  measured.  Effective 
roughness  height  and  spacing  parameters  of  the 
frost  roughness  were  determined  from  the 
measurements  as  outlined  below. 

Over  rough  surfaces  in  nominally  zero 
pressure  gradient  the  velocity  profile  in  the  inner 
region  of  the  boundary  layer  assumes  the  form2 
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Except  for  the  term  Au/u*  this  is  the  familiar  log 
law.  In  the  logarithmic  region  of  boundary  layers 
the  only  effect  of  surface  roughness  on  mean 
velocity  profiles  is  a  shift,  (Au/u*),  in  the  intercept 
of  the  log  law.  For  aerodynamically  rough  surfaces 
the  shift  is  given  by2,3 
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Here  k  is  the  roughness  height  and  C  is  a  function 
of  a  suitable  roughness  spacing  parameter,  X. 

For  each  of  the  six  frost  samples  the  skin 
friction  coefficient,  Cf,  and  the  friction  velocity,  u‘, 
were  determined  from  the  velocity  profile  data  by 
two  methods.  One  method  used  the  momentum- 
integral  equation 
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and  <j>2  were  estimated  visually.  4>3  was  assigned  a 
value  of  cither  1  or  1.5,  when  background  frost  was 
judged  to  be  either  unimportant  or  important, 
respectively. 

The  parameters  of  the  six  frost  samples  are 
presented  in  Table  2.  The  values  of  C  and  X  are 
plotted  in  Fig.  4.  Dvorak’s3  correlation  line,  which 
was  also  used  by  Simpson4,  is  included  in  Fig.  4. 
Not  surprisingly,  the  frost  results  are  quite  widely 
scattered.  Nevertheless  they  fit  in  reasonably  well 
with  the  other  data  which  are  also  widely  scattered. 


where  9  and  H  are  the  momentum  thickness  and 
shape  factor  of  the  velocity  profile,  U  is  the 
velocity  outside  the  boundary  layer  and  s  is  the 
streamwise  distance.  The  other  method  compared 
the  measured  velocity  profiles  with  the  velocity 
defect  law2.  Results  from  the  two  methods  were  in 
reasonably  good  agreement  except  near  the  ends  of 
the  frost  simples.  Once  values  for  u*  were 
established,  values  of  Au/u'  could  be  determined  by 
plotting  the  data  as  in  Fig.  3.  The  frost  in  each  of 
the  six  samples  consisted  of  relatively  high 
formations  scattered  over  the  surface  with  relatively 
low  ‘background  frost’  covering  the  intervening 
space.  The  effective  roughness  height,  k„  of  the 
frost  was  taken  as  the  average  measured  height  of 
the  highest  20  percent  of  the  frost  formations.  With 
values  of  u\  Au/u’  and  k  established,  the  spacing 
function  C[A.]  could  be  determined  using  equation 
(2). 

Following  Simpson4,  the  spacing 
parameter,  X,  for  the  frost  samples  was  defined  as 

X  -  D2/Af  (4) 

where  AP  is  the  average  frontal  area  of  the 
roughness  elements  and  1/D2  is  equal  to  the  number 
of  ‘significant’  elements  per  unit  surface  area.  D 
can  easily  be  determined  by  counting  the  number  of 
significant  frost  formations  present  in  an  area  of  the 
sample.  Of  course  deciding  which  formations 
should  be  counted  (i.e.  considered  significant)  is  a 
matter  of  judgment.  The  average  frontal  area,  Aw, 
was  estimated  using  the  relation 

(5) 

Here  4>,  represents  the  average  width-to-height  ratio 
of  the  significant  frost  formations,  <j>2  represents  the 
ratio  of  the  average  height  of  all  the  significant 
formations  to  the  height,  k,,  of  the  highest  20 
percent  of  the  formations  and  ((>3  is  a  factor  to 
account  for  the  effects  of  the  background  frost.  <t>t 


Table  2  includes  values  cf  k^k, ,  the  ratio 
of  standard-sand-roughness  height  to  the  effective 
frost  roughness  height.  These  were  determined 
using  equation  (2)  with  C  assigned  the  value  -4.0 
for  standard  sand  roughness5.  The  values  of  k^k, 
are  seen  to  vary  widely. 

A  more  detailed  presentation  of  the  frost 
experiments  is  available  in  reference  6. 

3.  Effects  of  Frost  on  Airfoil  Performance 

The  first  step  in  assessing  the  effects  of 
frost  on  take-off  performance  is  to  assess  its  effects 
on  airfoil  performance.  Computational  methods 
were  used  for  this  purpose.  The  hypothetical 
aircraft  of  Table  1  use  the  NACA-2412  section  and 
the  BGK1  section.  The  latter  is  representative  of  a 
relatively  modem  supercritical  section.  For 
simplicity,  flaps  are  not  present.  The  airfoil 
calculations  were  carried  out  for  Reynolds  number, 
based  on  chord,  c,  of  3  x  106  and  22.5  x  106  for  the 
NACA-2412  and  BGK1  sections,  respectively. 

These  correspond  to  free  stream  velocity  and  chord 
length  of  30  m/s,  50  m/s  and  1.5  m,  6,7  m  for  the 
two  airfoils  respectively,  at  sea  level. 

Calculations  were  done  for  only  one  set  of 
frost  characteristics:  k*  =  0.4  mm  and  C  =  -2.5.  As 
seen  from  Table  2,  these  arc  the  parameters 
determined  for  Frost  Plate  3.  The  frost  height  to 
chord  length  ratios  are  kjc  -  0.00027  and 
0.0000595  for  the  NACA-2412  and  BGK1  airfoils, 
respectively. 

The  viscous/inviscid  interaction  approach 
was  used  for  the  airfoil  computations.  Inviscid  flow 
computations  for  the  airfoil  sections  were  done 
using  a  vortex  panel  method  developed  at  Carleton 
University.  Voricity  varies  linearly  along  the  panels 
and  is  continuous  at  the  junction  points  between 
panels.  Linearly  varying  source  distributions,  on  the 
panels  were  used  to  model  boundary-layer  displace¬ 
ment  effects.  Where  flow  separation  occurred,  its 
effects  were  modelled  by  incorporating  the 
Maskew-Dvorak7  model,  wherein  two  free  vortex 
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sheets  originating  at  the  separation  points  are  used 
to  represent  the  free  shear  layers  which  bound  the 
separation  bubble.  Blascovich*  found  that  this 
model  is  very  good  for  analyzing  low-speed  high- 
angle-of-attack  cases. 

The  pressure  distributions  obtained  from 
the  inviscid  computations  provided  the  free-stream 
velocity  distributions  for  computation  of  boundary- 
layer  development  along  the  upper  and  lower 
surfaces  of  the  airfoil.  For  each  surface  the 
computations  began  with  the  stagnation-point 
solution  given  by  Moran9,  followed  by  Thwaites5 
method  for  the  laminar  boundary  layer.  Transition 
on  the  upper  surface  was  assumed  to  occur  at  the 
suction  peak  while  tiansition  on  the  lower  surface 
was  forced  to  occur  at  16  percent  chord.  The 
momentum  thickness,  6,  was  assumed  to  remain 
constant  through  transition.  The  shape  factor,  H, 
was  normally  assigned  the  value  1.32  at  the  start  of 
the  turbulent  boundary  layer  calculations. 
Instantaneous  transition  was  assumed.  In  the 
present  work  frost  roughness  always  began  at  or 
downstream  of  the  suction  peak;  attempts  to  begin 
the  roughness  further  upstream  were  abandoned  as 
this  always  produced  immediate  separation  at  the 
suction  peak  even  at  only  moderate  angles  of  attack. 

Head’s10  entrainment  method  was  the  basis 
of  the  turbulent  boundary  layer  calculations.  This 
method  has  its  limitations  but  it  performs  quite  well 
for  pressure  distributions  of  the  type  typically  found 
on  airfoils.  Dvorak3  extended  Head’s  method  to 
deal  with  rough  surfaces.  This  version  of  the 
method  was  used  in  the  present  work. 

The  boundary-layer  computations  provided 
two  inputs  for  the  inviscid  flow  computations, 
namely  the  displacement  thickness  required  to 
determine  the  strength  of  the  surface-source 
distribution  and  the  upper-surface  separation  point 
location.  The  lower-surface  flow  always  separated 
at  the  trailing  edge. 

Figure  5  schematically  illustrates  the 
airtoil-flow  computational  model.  Thirty  five 
vortex  panels  were  used  to  represent  the  airfoil 
surface.  For  separated  flow  cases  six  panels  were 
used  for  each  of  the  two  free  vortex  sheets.  The 
length  of  these  sheets  is  governed  by  an  empirical 
wake-length  factor;  this  was  assigned  the 
recommended  value7  of  2.0.  The  shape  and 
position  of  the  free  vortex  sheets  must  be 
determined  iteratively,  such  that  the  velocity  normal 
to  each  of  the  wake  panels  is  zero.  About  14 
iterations  were  found  to  be  adequate  for  this 
purpose.  Of  course  there  must  also  be  an  overall 
iteration  between  the  inviscid  and  the  boundary- 
layer  computations.  Typically  4  to  8  iteration 
cycles  were  necessary  for  convergence  in  separated 


flow  cases.  Only  one  cycle  (inviscid-viscous- 
inviscid)  was  used  for  fully-attached  flow  cases. 

Computations  were  done  for  various 
extents  of  frost  coverage  on  the  upper  surface  of  the 
airfoils.  These  are  shown  in  Fig.  6,  where 
designation  codes  are  also  assigned.  The  roughness 
height  was  made  to  increase  approximately  linearly 
over  a  short  distance  at  its  upstream  edge.  This  is 
both  more  realistic  than  an  abrupt  start  and  also 
avoids  potential  difficulties  with  the  boundary  layer 
computations  that  an  abrupt  start  with  large  k/0 
might  have  caused.  Details  are  given  in  Fig.  6. 

Step  lengths  used  in  the  boundary-layer 
computations  ranged  from  Ax/c  =  0.005  to  0.02. 

The  shortest  step  length  was  required  to  avoid 
dependence  of  results  on  step  size  for  most  of  the 
BGK1  computations  because  of  the  steep  pressure 
gradient  near  the  suction  peak  and  the  steep  rise  of 
the  roughness  height  at  its  upstream  edge  for  the  95 
and  99  frost  coverage  cases.  The  lower  airfoil 
surface  was  smooth  in  all  computations. 

The  computed  lift  and  profile-drag  results 
are  shown  in  Fig.  7  and  8  for  the  NACA-2412  and 
BGK1  sections  respectively.  Lift  was  determined 
by  pressure  integration.  The  drag  results  are  not 
particularly  accurate;  pressure  integration  tended  to 
give  slightly  negative  values  of  drag  coefficient 
when  there  was  little  or  no  flow  separation.  The 
plotted  drag  results  were  determined  using  the 
boundary-layer  momentum  thicknesses  at  the 
separation  points  in  the  Squire  and  Young11  formula 
and  adding  the  pressure-integration  drag  if  it  was 
positive.  The  computed  results  for  the  clean 
NACA-2412  section  agree  quite  well  with  the 
experimental  data  from  ref.  12  (see  Fig.  7).  This 
inspires  confidence  in  the  computed  results. 

From  Fig.  7  and  8  it  is  clear  that  the  frost 
roughness  is  predicted  to  produce  substantial  effects 
only  if  it  extends  close  to  the  leading  edge.  Frost 
beginning  at  quarter-chord  has  little  effect  on  the 
computed  lift  and  drag  performance  of  either  airfoil. 
This  ^an  be  ascribed  to  two  factors:  first,  the 
severity  of  the  adverse  pressure  gradient  at  quarter 
chord  has  decreased  substantially  compared  to  that 
near  the  suction  peak  and  second,  the  ratio  of  frost 
height  to  boundary-layer  thickness  has  become 
relatively  small  so  that  the  roughness  has  little 
effect  on  the  skin  friction  and  on  boundary  layer 
growth.  The  latter  effect  also  explains  why  the 
BGK1  performance  is  little  affected  by  frost 
extending  as  close  as  x/c  =  0.009  to  the  leading 
edge  (Case  95).  While  this  is  close  to  the  suction 
peak,  the  chord  of  the  BGK1  section  is  much  larger 
than  that  of  the  NACA-2412  section  (6.7  vs  1.5  m) 
so  that  the  ratio  of  roughness  height  to  boundary 
layer  thickness  at  a  given  x/c  is  much  less  for  the 
BGK1  section.  This  can  be  seen  from  Figures  9 
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and  10  which  show  pressure  distributions  and 
development  of  boundary  layer  parameters  for  the 
two  airfoil  sections.  The  small  effect  of  the  frost 
roughness  downstream  of  quarter-chord  is  also 
evident  in  Figures  9  and  10.  It  should  be  noted  that 
the  results  of  Fig.  7  and  8  do  not  mean  that  the 
BGK1  section  has  superior  tolerance  of  surface 
roughness.  Rather,  these  results  show  the 
importance  of  the  ratio  k/c.  As  is  to  be  expected, 
roughness  of  a  given  height  ha:  less  effect  on  a 
large  airfoil  than  on  a  small  one.  The  0.4  mm 
roughness  nevertheless  has  a  dramatic  effect  on  the 
performance  of  the  6.7  m  chord  BGK1  section 
when  the  roughness  starts  at  the  suction  peak  (Case 
99).  The  results  indicate  that  even  on  large  aircraft, 
frost  in  the  leading-edge  region  is  hazardous. 


4.  Effects  of  Frost  on  Wing  Performance 

A  simple  lifting  line  analysis  was  used  to 
compute  the  aerodynamic  performance  of  the 
aircraft  wings.  Figure  1 1  schematically  illustrates 
the  flow  model.  The  method  uses  a  single  spanwise 
row  of  horseshoe  vortices.  It  calculates  effective 
angle  of  attack  at  any  particular  spanwise  station 
and  looks  up  the  corresponding  lift  and  parasite 
drag  coefficients  from  die  airfoil  performance 
curves,  Fig.  7  and  8,  generated  by  the  airfoil 
calculations.  The  process  is  iterative  because  the 
strength  of  die  horseshoe  vortices  is  direcdy  related 
to  local  lift  coefficient  The  method  determines  lift, 
parasite  and  induced  drag  coefficients  for  the  wing. 

The  results  for  the  two  wings  of  Table  1 
are  shown  in  Fig.  12  and  13.  The  wing  perfor¬ 
mance  clearly  reflects  the  performance  of  the  airfoil 
sections. 


5.  Effects  of  Frost  on  Take-Off 

Performance 

Two  hypothetical  aircraft  are  considered, 
their  main  parameters  are  given  in  Table  1. 

The  forces  considered  in  the  take-off 
analysis  are:  weight  wing  lift  and  drag,  drag  of  the 
other  aircraft  components,  thrust  and  rolling  friction. 

Lift-off  angle  of  attack  and  speed  were 
chosen  to  give  a  20  percent  speed  margin  above 
stall;  that  is  CL  =  CLatx  at  lift-off.  Of  course  CLmu 
is  dependent  on  frost  coverage  and  CLmtx  values  are 
given  by  Fig.  12  and  13.  Rotation  speed  was  set  at 
85  percent  of  lift-off  speed. 

The  variation  of  CL  with  angle  of  attack 
was  taken  from  Fig.  12  and  13  for  each  frost- 
coverage  condition.  The  aircraft  drag-polar 


relations  were  set  up  such  that  CD  =  (0.015  +  wing 
zero-lift  drag  coefficient)  and  such  that  the  wing 
drag  varied  with  angle  of  attack  approximately  as 
given  by  the  appropriate  drag  curves  in  Fig.  12  and 
13.  The  variation  of  fuselage  and  empennage  drag 
with  angle  of  attack  was  approximated  by  assuming 
this  caused  a  reduction  of  0.1  in  the  value  of  the 
span-efficiency  factor. 

Thrust  was  assumed  to  vary  with  velocity: 
linearly  for  the  turbofan  aircraft  and  such  that  axial 
kinetic  energy  imparted  to  the  slipstream  air  is 
constant  for  the  propeller  aircraft  The  ratio  of 
axial  kinetic  energy  flux  increase  to  propeller  shaft 
power  was  assumed  to  be  0.85. 

The  results  of  the  take-off  computations  are 
shown  in  Fig.  14  for  the  two  aircraft  They  indicate 
that  frost  in  the  leading-edge  region  of  wings  can 
cause  take-off  distances  to  increase  dramatically;  an 
increase  of  more  than  80  percent  is  predicted  in  one 
case. 


6.  Discussion 

The  work  presented  in  this  paper  indicates 
that  even  thin  hoar  frost  in  the  leading-edge  region 
of  aircraft  wings  can  have  serious  negative  effects 
on  take-off  performance.  Hoar  frost  having  a 
height  of  only  0.4  mm  produced  much-degraded 
wing  performance  and  much-increased  take-off 
distances  for  both  a  small  light  aircraft  and  a  large 
transport  aircraft.  Serious  performance  degradation 
was,  however,  only  predicted  when  the  upstream 
edge  of  the  hoar  frost  coverage  was  at,  or  very 
close  to  the  suction  peak  in  the  pressure 
distribution.  Frost  coverage  beginning  at  quarter- 
chord  or  further  downstream  was  predicted  to  have 
little  effect. 

In  fig.  9  and  10  is  can  be  seen  that  in  the 
two  cases  where  the  frost  has  serious  regative 
effects  (NACA  2412,  Case  95  and  BGK1,  Case  99) 
the  frost  begins  at  a  point  where  its  roughness 
height  is  several  times  greater  than  the  boundary 
layer  momentum  thickness,  8.  The  skin-friction 
coefficient,  C( ,  accordingly  rises  to  a  high  value. 
This  causes  relatively  rapid  growth  of  the 
momentum  thickness  and  the  pressure  gradient  term 
in  the  momentum  equation  (3)  in  turn  exacerbates 
the  growth  rate  of  the  thicker  boundary  layer  in  the 
adverse  pressure  gradient  downstream  of  the  suction 
peak.  Consequently  the  boundary  layer  becomes 
more  prone  to  separation. 

Frost  coverage  beginning  upstream  of  the 
suction  peak  would  probably  have  even  more 
drastic  effects  than  those  seen  in  the  present  results. 
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The  present  boundary-layer  calculations  did  not 
stabilize,  and  predicted  almost  immediate 
separation,  for  frost  coverage  beginning  at  s/c 
values  only  a  few  percent  upstream  of  the  suction 
peak.  Judging  from  the  behaviour  of  the  calculated 
shape  parameter,  H,  (see  Fig.  9, 10)  the  present 
calculations  stablized  satisfactorily  for  the  95  and 
99  coverage  cases,  despite  the  choice  of  a  rather 
low  initial  value  for  H.  Head’s  method  is  known  to 
be  insensitive  to  the  starting  value  of  H  and  to 
rapidly  adjust  to  a  more  appropriate  value  if  the 
initial  choice  is  poor. 

Wings  having  a  large  chord  length  can  be 
expected  to  be  less  sensitive  to  frost,  as  discussed  in 
Section  3.  However  the  present  results  indicate  that 
they  are  far  from  immune.  It  seems  probable  that 
airfoil  sections  which  produce  a  relatively  gende 
adverse  pressure  gradient  downstream  of  the  suction 
peak  should  be  less  sensidve  to  roughness  effects. 
This  remains  to  be  investigated. 

The  parameters  used  to  aerodynamically 
characterize  hoar  frost  in  the  present  work  were 
obtained  from  flow  measurements  with  actual, 
preserved,  frost.  They  can  therefore  be  considered 
to  be  reliably  representadve  of  real  frost  similar  to 
the  measured  samples.  The  remainder  of  the  work, 
however,  rests  on  computations.  Particularly  crucial 
are  the  boundary-layer  development  calculations 
used  to  predict  the  effects  of  frost  roughness  on 
flow  separation. 

While  the  authors  are  confident  that  the 
predictions  are  basically  correct,  experimental 
confirmation  would  be  desirable.  Current 
regulations  prohibit  take-off  with  any  frost  on  lifting 
surfaces.  Until  experimental  confirmation  of  the 
present  results  in  available,  the  regulations  should 
not  be  relaxed  to  require  frost  removal  from 
leading-edge  regions  only. 


7.  Conclusions 

Boundary  layer  developments  over  six 
preserved  samples  of  natural  hoar  frost  were 
measured.  The  data  have  enabled  determination  of 
effective  height  and  spacing  parameters  for  each 
sample. 

The  effects  of  various  extents  of  frost 
coverage  on  airfoil  lift  and  drag  performance  were 
predicted  using  a  viscous/inviscid  interaction 
computation  method.  The  results  indicate  that  frost 
coverage  beginning  at  or  near  the  suction  peak  can 
cause  serious  degradation  of  airfoil,  wing  and  take¬ 
off  performance.  Frost  coverage  beginning  well 
downstream  of  the  suction  peak,  for  example  at 
one-quarter  chord,  is  predicted  to  cause  little 


performance  degradation,  at  least  for  k/c  <  0.0003. 

There  appear  to  be  two  key  factors  which 
influence  the  severity  of  frost  effects.  The  first  is 
the  severity  of  the  adverse  pressure  gradient  just 
downstream  of  the  suction  peak  and  the  second  is 
the  ratio  of  boundary  layer  thickness  to  the  effective 
roughness  height  of  the  frost  A  large  ratio  results 
in  less  effect.  Because  of  the  second  factor,  airfoils 
or  wings  of  large  chord  length  are  less  sensitive  to 
frost.  Apparently  however,  they  are  by  no  means 
immune  -  they  can  only  tolerate  frost  coverage 
beginning  a  few  percent  of  chord  closer  to  the 
leading  edge  than  on  wings  of  small  chord  length. 
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Table  1 

Main  Parameters  of  the  Two  Aircraft 
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Aircraft  A 
(light  aircraft) 

Aircraft  B 
(turbofan  transport) 

Gross  mass  (kg) 

1,400 

135,000 

wing  area  (m2) 

16.5 

290. 

Wing  span  (m) 

11.0 

48. 

wing  taper  ratio 

1.0 

0.25 

mean  aerodynamic  chord 

1.5  m 

6.72  m 

wing  sweep 
(1/4  chordline) 

0 

30° 

wing  twist 

3°  washout 

2°  washout 

flaps 

- 

- 

airfoil  section 

NACA-2412 

BGK1 

Powerplants 

175  kw; 

2m.  dia.  prop. 

2  x  50000  lbf  static  tlirust 

2  x  40000  lbf  at  50  m/s 

Fuselage  +  gear  + 
empennage  drag 
coefficient 
(based  on  wing  area) 

0.015 

0.015 

Rolling  friction  coefficient 

0.025 

0.025 

Screen  height 

35  ft. 

35  ft. 
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Fig.  1  Actual  and  Preserved  Frost  Sample 
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Fig.  2  Partial  Photographs  of  3  of  the  Tested 
Frost  Samples 
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Parameter  (after  Dvorak3  and  Simpson4) 


-LINEAR  VCRTICITY  t 

4  SOURCE  OIST'N 
ON  PANELS 

t- SEPARATION 


CONSTANT  -  STRENGTH 
\WAKE  VORTEX  PANELS 


V  A 

V  tpO^L  T=0, 


x  95 

- NACA-2412 

Re=3>10''ret12 


-CONTROL  POINTS 

WO 


Fig.  5  Inviscid  Airfoil  Flow  Model  (after  ref.  7) 


0  A  8  12  16  20  24 

©c  (deg) 

Fig.  7  Lift  and  Drag  Coefficients  for  the  NACA- 
2412  Section  With  Various  Extents  of 
Frost  Coverage  (K/c  =  0.00027;  points 
determined  by  computation) 


T 


3 


9-1 


MODEL  ROTOR  ICING  TESTS  IN  THE  NASA  LEWIS  ICING  RESEARCH  TUNNEL 

Robert  J.  Flemming 
Senior  Design  Engineer 
Sikorsky  Aircraft  Division,  UTC 
6900  Main  Street 

Stratford,  Connecticut  06601-1381 
USA 

Randall  K.  Britton 
Icing  Research  Engineer 
Sverdrup  Technology,  Inc. 

NASA  Lewis  Research  Center  Group 
2001  Aerospace  Parkway 
Brookpark,  Ohio  44142 
USA 

and 

Thomas  H.  Bond 
Aerospace  Engineer 
NASA  Lewis  Research  Center 
21000  Brookpark  Road 
Cleveland,  Ohio  44135 
USA 


and  weight  coefficient  to  determine  the 
effect  of  these  parameters  on  ice 
accretion.  In  addition  to  strain  gage 
and  balance  data,  the  test  was  docu¬ 
mented  with  still,  video,  and  high 
speed  photography,  ice  profile  trac¬ 
ings,  and  ice  molds.  This  paper 
presents  the  sensitivity  of  the  model 
rotors  to  the  test  parameters,  and 
compares  the  results  to  theoretical 
predictions.  Test  data  quality  was 
excellent,  and  prediction  methods  for 
ice  accretion  and  rotor  performance 
reproduced  the  respective  trends 
observed  in  the  test.  Adjustments  to 
the  correlation  coefficients  to  improve 
the  level  of  correlation  in  the  per¬ 
formance  predictions  are  suggested  in 
this  paper. 


LIST  OF  SYMBOLS 

CL/O  lift  coef f icient/solidity 
CQ/O  torque  coef f icient/solidity 


SUMMARY 

Tests  of  a  lightly  instrumented 
two-bladed  teetering  rotor  and  a  heav¬ 
ily  instrumented  sub-scale  articulated 
main  rotor  were  conducted  in  the  NASA 
Lewis  Research  Center  Icing  Research 
Tunnel  (IRT)  in  August  1988  and  in 
September  and  November  1989,  respec¬ 
tively.  The  first  was  an  OH-58  tail 
rotor  which  had  a  diameter  of  1.575  m 
(5.17  ft)  and  a  blade  chord  of  0.133  m 
(5.25  in.),  and  was  mounted  on  a  NASA 
designed  test  rig.  The  second,  a  four 
bladed  articulated  rotor,  had  a  diam¬ 
eter  of  1.83  m  (6.00  ft)  and  the 
0.124  m  (4.9  in.)  chord  blades  were 
specially  fabricated  for  this  experi¬ 
ment.  This  rotor  was  mounted  on  a 
Sikorsky  Aircraft  Powered  Force  Model, 
which  enclosed  a  rotor  balance  and 
other  measurement  systems.  The  models 
were  exposed  to  variations  in  tempera¬ 
ture,  liquid  water  content,  and  median 
droplet  diameter,  and  were  operated 
over  ranges  of  advance  ratio,  shaft 
angle,  tip  Mach  number  (rotor  speed). 


TECHNICAL  APPROACH 


LWC  liquid  water  content,  g/m3 
MVD  droplet  diameter,  um 
T  static  air  temperature,  °C 
a  solidity 
[i  advance  ratio 
flR  rotor  tip  speed 

A  change  over  a  period  of  time  due  to 
icing 


INTRODUCTION 

Because  of  the  trend  toward 
design  of  all-weather  rotorcraft,  it  is 
necessary  to  develop  and  validate 
experimental  techniques  to  understand 
the  effects  of  ice  on  rotor  performance 
and  to  determine- the  design  require¬ 
ments  for  rotor  ice  protection.  Ana¬ 
lytical  methods  are  now  being  developed 
to  predict  rotor  performance  in  icing, 
including  ice  accretion  and  ice  shed¬ 
ding.  The  use  of  a  model  rotor  to 
provide  a  less  expensive  and  more 
repeatable  source  of  test  data  will  aid 
in  the  validation  of  these  analytical 
methods  and  support  the  overall  goal 
toward  more  expedient  certification 
procedures.  The  French  undertook  a 
model  icing  program  where  a  1/4-scale 
model  rotor  was  tested  in  the  ONERA 
SIMA  wind  tunnel  at  Modane,  France 
(Ref.  1).  This  testing  showed  that  a 
model  program  had  promise,  but  the  data 
acquired  were  too  limited  to  provide  a 
correlation  base.  However,  this  test¬ 
ing  prompted  the  interest  of  rotorcraft 
icing  researchers  in  the  United  States. 
NASA  Lewis  Research  Center  undertook  a 
program  with  a  university  and  industry 
consortium  to  demonstrate  the  useful¬ 
ness  of  the  model  rotor  test  technique 
as  an  approach  for  obtaining  meaningful 
icing  data  for  rotating  systems 
(Ref.  2). 


The  Rotor  Icing  Consortium 
operated  under  a  NASA  Lewis  Research 
Center  (Lewis)  grant  to  Texas  A&M 
University,  which  then  subcontracted 
work  to  each  of  the  four  major  U.S. 
helicopter  companies:  Bell  Helicopter 
Textron,  Boeing  Helicopters,  McDonnell 
Douglas  Helicopters,  and  Sikorsky 
Aircraft  Division  of  United  Technol¬ 
ogies.  The  consortium  worked  during 
the  early  part  of  the  program  to 
identify  the  necessary  tasks  and  the 
means  to  achieve  them,  and  each  of  the 
members  had  specific  responsibilities 
that  lead  to  the  successful  testing  of 
the  two  models.  The  U.S.  Army  Aviation 
Research  and  Technology  Activity-AVSCOM 
provided  additional  funding  (Propulsion 
Directorate),  and  icing  tunnel  hardware 
support  (Aerof lightdynamics  and  pro¬ 
pulsion  Eirectorates)  during  the  actual 
testing. 

A  two  model  approach  was  selected 
as  the  most  effective  means  to  accom¬ 
plish  the  program  goals.  A  lightly 
instrumented  OH-58  tail  rotor  (Fig.  1) 
that  had  been  modified  to  approximately 
operate  as  a  main  rotor  was  chosen  as 
the  initial  test  article.  This  would 
be  followed  by  the  more  sophisticated 
Sikorsky  Powered  Force  Model  ( PFM) 

(Fig.  2)  to  provide  detailed  rotor  per¬ 
formance  measurements.  The  OH-58  IRT 
entry  established  operational  tech¬ 
niques  for  the  more  complex  model  and 
gathered  preliminary  data.  Ice  was 
accreted  on  the  blades  in  a  variety  of 
rotor  and  tunnel  operating  conditions 
and  documentation  of  the  resulting 
shapes  was  performed.  The  OH-58  model 
test  was  completed  in  October  1988 
(Ref.  3). 

The  initial  PFM  IRT  entry  was 
scheduled  for  an  8  week  period  during 
July  to  September,  1989.  During  this 
time  the  model  was  installed  and  icing 
testing  began.  A  total  of  44  icing 
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encounters  occurred  in  the  14  days  of 
testing.  At  the  end  of  this  initial 
test  period,  the  model  was  removed  and 
a  second  entry  scheduled  for  November 
1989.  Between  tests,  the  model  was 
serviced,  data  reviewed,  high  speed 
motion  picture  capability  added,  and 
methods  for  improving  blade  track  were 
prepared.  This  second  entry  resulted 
in  41  icing  encounters  in  8  test  days, 
expanded  the  temperature  envelope,  and 
included  variations  in  liquid  water 
content  and  droplet  diameter  (Refs.  4 
to  6) . 


MODEL  AND  FACILITY  DESCRIPTIONS 
Icing  Research  Tunnel 

The  IRT  (Fig.  3)  is  a  closed-loop 
refrigerated  wind  tunnel.  A  5000  hp 
fan  provides  airspeeds  up  to  134  m/sec 
(300  mph).  The  21  000  ton  capacity 
refrigeration  heat  exchanger  can  vary 
the  total  temperature  from  -1.1  to 
-42  °C.  The  spray  nozzles  provide 
droplet  sizes  from  approximately  10  to 
40  (im  median  volume  diameter  (MVD)  with 
liquid  water  content  (LWC)  ranging  from 
0.2  to  3.0  g/m3.  The  tunnel  test  sec¬ 
tion  is  1.8  m  (6  ft)  high  and  2.7  m 
(9  ft)  wide. 

Armor  plates  were  attached  to  the 
walls  of  the  tunnel  test  section  during 
the  model  rotor  test  to  protect  person¬ 
nel  in  the  control  room.  Video  systems 
were  installed  to  monitor  the  test  area 
and  ice  accretions  on  the  blades,  and 
to  provide  tracking  information.  For 
several  runs  0.635  mm  (0.025  in.)  alu¬ 
minium  sheets  were  placed  on  energy 
absorbing  material  and  attached  to  the 
armor  plating  in  line  with  the  rotor 
disk  plane.  The  shed  ice  made  :  *- 

manent  dents  in  the  sheets  that  wixl  be 
calibrated  to  calculate  the  impact 
energy  of  the  ice  that  struck  them.  A 
high  speed  16  mm  camera  was  used  to 
capture  ice  shedding  from  the  blades. 


The  movies  were  taken  at  2000  frames 
per  second  and  capture  approximately  a 
60°  arc  of  the  rotor  rotational  field. 
These  results  will  not  be  discussed  in 
this  paper. 


OH- 5 8  Tail  Rotor 

The  tail  rotor  assembly  was  com¬ 
posed  of  the  tail  shaft,  hub,  teetering 
components, and  rotor  blades  from  an  OH- 
58  helicopter.  The  rotor  blades  had 
NACA  0012  airfoils  with  a  chord  of 
0.133  m  (5.25  in.)  and  a  span  of  0.73  m 
(28.74  in.).  The  total  diameter  of  the 
rotor  assembly  is  1.575  m  (5.17  ft) 
(Fig.  1).  This  assembly  was  mated, 
through  an  adapter,  to  a  2.1  m  long 
NASA-designed  drive  shaft.  The 
extended  drive  shaft  allowed  the  rotor 
blades  to  be  run  in  the  horizontal 
plane  in  the  middle  of  the  test  section 
of  the  IRT  while  the  40  hp  motor  and 
other  drive  system  hardware  remained 
below  the  tunnel  turntable  (Fig.  4).  A 
hydraulically  operated  collective  pitch 
control  provided  the  ability  to  change 
blade  angle  quickly  to  the  desired  con¬ 
dition.  The  drive  housing  was  bolted 
to  the  tunnel  floor  plate  via  two 
gimbal  pins.  For  this  test  the  rotor 
shaft  was  set  at  5°  forward  tiit  to 
simulate  forward  flight  of  a 
helicopter. 

A  differential  measuring  device 
recorded  reaction  torque  changes  from 
the  drive  system.  A  set  of  redundant 
rotational  speed  pick-ups  were  located 
on  the  drive  shaft. 

Vibration  output  was  recbrded  to 
detail  the  severity  and  timing  of  shed¬ 
ding  events  with  respect  to  the  torque 
data.  Motor  horsepower  was  calculated 
and  recorded  to  verify  the  torque  data. 
Finally,  the  collective  pitch  angle  was 
noted  to  document  the  rotor  blade 
angles  for  the  specific  icing 
encounters. 
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Powered  Force  Model 

The  Sikorsky  PFM  is  a  self- 
contained,  general  purpose  rotor  test 
rig.  The  load  measuring  systems,  rotor 
power,  and  control  mechanisms  are 
located  within  the  model  frame.  The 
rig  is  capable  of  accepting  a  fuselage 
and  powered  tail  rotor,  each  containing 
ite  own  balance  system.  For  this  proj¬ 
ect,  only  the  main  rotor  balance  was 
installed.  The  main  rotor  was  located 
1.01  m  (3.33  ft)  above  the  tunnel 
floor,  about  0.10  m  (0.33  ft)  above  the 
tunnel  centerline.  The  US  Army  UH-60A 
model  skins  were  used  to  enclose  the 
balance  and  rotor  hardware  (Fig.  2). 
While  the  fuselage  skins  are  scaled  for 
a  2.86  m  (9.37  ft)  rotor,  tunnel  dimen¬ 
sions  dictated  the  use  of  a  1.83  m 
(6.00  ft)  rotor  for  this  test. 

The  rotor  head  used  for  this 
project  (Fig.  5)  was  a  Sikorsky- 
designed  NASA  Langley  owned  general 
purpose,  four  bladed,  fully  articulated 
head  with  coincident  flap  and  lag 
hinges  at  the  8.3  percent  (76  mm  or 
3.00  in.)  radial  station.  The  hub  has 
adjustable  lead-lag  dampers  and  for 
this  test  it  had  a  zero  pitch-flap 
coupling  (03).  In  order  to  preserve  a 
consistent  lead-lag  damping  coefficient 
during  the  variation  in  IRT  tempera¬ 
ture,  the  rotor  viscous  dampers  were 
electrically  heated  to  maintain  the 
fluid  at  about  10  °c.  Potentiometers 
mounted  on  the  flap,  lead-lag,  and 
pitch  axes  provide  positional  inform¬ 
ation  for  the  rotor  system  relative  to 
the  shaft. 

The  PFM  main  rotor  was  driven  by 
two  Able  3-phase  variable  frequency 
induction  electric  motors.  As 
installed,  the  motors  can  rotate  at 
speeds  up  to  8000  rpm.  A  3.5  to  1 
reduction  gear  box  operates  the  rotor 
shaft  speed  to  a  maximum  of  2286  rpm, 
which  equates  to  a  rotor  tip  speed  of 
219  mps  (718  fps).  Bach  motor  has  a 


continuous  rating  of  60  hp.  Rotor 
speed  was  measured  using  an  optical 
encoder.  Model  power  was  supplied  by  a 
variable  frequency  motor-generator  set 
provided  by  the  Aeroflightdynamics 
Directorate,  US  Army  Aviation  Research 
and  Technology  Activity.  The  motor- 
generator  set  featured  a  digital 
closed-loop  rpm  feedback  control,  which 
maintained  a  set  rotor  speed  under  the 
power  variations  that  occurred  due  to 
ice  accretion,  shedding  and  control 
changes. 

The  rotor  forces  and  moments 
(except  torque)  were  measured  using  a 
3train  gage  balance,  gimbal-niounted  to 
the  model  frame  with  a  soft  spring 
attachment.  The  balance  was  electri¬ 
cally  heated  to  maintain  it  at  the 
calibration  temperature  of  20  °C. 

Rotor  torque  was  obtained  by  measuring 
the  reaction  force  between  the  gearbox 
(which  was  mounted  on  bearings)  and  the 
gearbox  frame  with  a  load  cell.  A  102 
channel  slipring  was  used  to  transfer 
the  rotating  system  signals  from  blade 
gages,  pushrods,  motion  hardware,  and 
accelerometers  to  the  fixed  system.  It 
also  provided  power  to  the  damper 
heaters.  The  swashplate  control  com¬ 
ponents  consisted  of  rotating  pushrods 
and  scissors,  the  swashplate,  three 
electromechanical  actuators,  and  a 
stationary  scissors.  Control  inputs 
were  made  at  the  control  console  with 
cyclic  and  collective  joystick  con¬ 
trollers.  The  input  signals  were 
electronically  mixed  by  the  controller 
which  then  moved  the  model  actuators. 
Resolved  shaft  axis  cyclic  and  flapping 
first  harmonic  coefficients  were 
obtained  from  potentiometers  located  on 
the  rotorhead.  These  values  were  dis¬ 
played  graphically  and  numerically  to 
facilitate  rotor  trimming.  Shaft  angle 
for  this  test  was  set  using  a  remotely 
driven  linear  actuator  located  on  the 
test  rig  support  frame.  A  pitch  arm 
transferred  the  linear  motion  of  the 
actuator  to  the  rotating  motion  of  the 
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model  shaft.  This  resulted  in  both  a 
translational  and  model  pitch  motion 
for  the  rotor.  The  model  support  shaft 
angle  range  was  from  -10  to  +3°.  The 
angles  set  by  the  shaft  angle  control 
were  corrected  by  the  gimbal  deflection 
angle  and  aerodynamic  wall  corrections 
to  obtain  the  true  total  shaft  angle. 

The  main  rotor  blades  were 
designed  and  built  by  the  McDonnell 
Douglas  Helicopter  Company  using  molds 
built  by  Sikorsky  Aircraft.  The  blades 
had  NACA  0012  airfoils  with  a  chord  of 
0.124  m  (4.88  i.». ) ,  a  -10°  linear 
twist,  and  a  taper  ratio  of  1.  In 
order  to  stay  within  rotorhead  stress 
limits  at  the  design  speed,  the  blade 
weight  was  kept  to  a  minimum.  This 
resulted  in  a  thin  walled  hollow  spar, 
an  unsupported  trailing  edge,  and  an 
unpainted  airfoil  surface.  Two  of  the 
blades  were  instrumented  with  strain 
gages  in  the  flatwise,  edgewise,  and 
torsional  axes  to  provide  blade  loading 
information  for  safety  of  flight.  The 
data  from  the  edgewise  strain  gages 
proved  to  be  very  useful  in  identify¬ 
ing  shedding  events.  This  prompted  the 
addition  of  root  edge-wise  strain  gages 
to  the  noninstrumented  blades  prior  to 
the  second  entry.  The  rotor  blades 
were  marked  on  their  upper  surfaces 
with  the  blade  number  and  spanwise 
decade  percentage  marks  to  provide 
identification  of  the  blade  being  moni¬ 
tored  and  the  relative  location  of  the 
ice  that  was  shed  (Fig.  2). 


DATA  SYSTEM  AND  INSTRUMENTATION 

The  test  techniques  used  in  the 
IRT  were  developed  during  the  July  to 
October  1988  OH-58  tail  rotor  entry  in 
the  tunnel  and  used  during  the  PFM 
test.  Each  icing  run  was  recorded  on 
the  Dynamic  Data  Acquisition  System 
( DDAS )  and  video  systems.  The  video 
provided  a  viewing  history  of  the  ice 
accretion  and  shedding.  There  were 


three  separate  video  systems:  one  for 
safety  monitoring,  one  for  blade  track¬ 
ing  (which  also  provided  good  ice  pro¬ 
file  shapes  near  the  blade  tip),  and 
one  that  allowed  close-up  images  of  the 
rotor  blades.  The  three  systems  were 
strobe  driven  by  a  signal  off  the  rotor 
shaft  angle  encoder.  This  gave  a 
"frozen"  image  of  the  blade.  The 
close-up  data  video  system  was 
installed  on  a  tilt  and  pan  mechanism 
along  with  a  35  mm  camera  that  had  a 
400  mm  zoom  lens.  The  data  video 
system  had  the  capability  of  traversing 
the  entire  diameter  of  the  main  rotor 
while  allowing  zoom  shots  of  as  small  a 
span  as  0.10  m  (3.94  in.)  of  the  blade 
leading  edge.  T.he  35  mm  camera  was 
focused  on  the  same  close-up  viewing 
area  as  the  video  camera,  allowing  pic¬ 
tures  with  greater  resolution  and 
clarity  to  be  taken.  Both  the  data 
video  and  the  35  mm  camera  were  trig¬ 
gered  from  the  same  strobe  to  provide 
an  accurate  replication  of  the  video 
image  for  the  35  mm  camera. 

The  measured  PFM  test  parameters 
fell  into  two  main  categories  -  those 
that  were  of  research  interest  and 
those  that  were  required  solely  for 
safety-of-f light.  The  parameters  in 
the  first  category  were  processed  by 
the  DDAS  and  saved  on  both  digital  tape 
and  floppy  diskB.  Derived  parameters 
were  also  computed  using  the  DDAS  and 
saved  for  further  analysis.  The  test 
parameters  used  for  analysis  are  the 
following: 

Main  rotor  balance  loads 

Normal  force  element  number  1 
Normal  force  element  number  2 
Axial  force  element 
Side  force  element  number  1 
Side  force  element  number  2 
Rolling  moment  element 
Main  rotor  torque  load 
Main  rotor  speed 
Tunnel  parameters 

Total  temperature 
Static  pressure 
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Total  pressure 

Johnson-Williams  Liquid  Water 
Content 

Instrumented  blade  positions 
Collective  pitch 
Lateral  cyclic  pitch 
Longitudinal  cyclic  pitch 
Lead-lag  angle 
Pitch  angle 
Flapping  angle 

Resolved  lateral  flapping  angle 
Resolved  longitudinal  flapping 
angle 

Resolved  coning  angle 
Model  strut  angle 
Pushrod  loads 

Blade  number  1 
Blade  number  3 
Accelerations 

Gimbal  lateral 
Gimbal  longitudinal 
Rotor  head  aligned  to  blades  1 
and  3 

Rotor  head  aligned  to  blades  2 
and  4 

Blade  loads 


Flatwise 

11.4 

load 

at 

blade 

station 

Flatwise 

16.5 

load 

at 

blade 

station 

Flatwise 

21.7 

load 

at 

blade 

station 

Flatwise 

26.9 

load 

at 

blade 

station 

Edgewise 

11.4 

load 

at 

blade 

station 

Edgewise 

16.5 

load 

at 

blade 

station 

Edgewise 

21.7 

load 

at 

blade 

station 

Edgewise 

26.9 

load 

at 

blade 

station 

Root  torsional 
station  10.1 

load  at 

blade 

Torsional  load  at  blade  station 
11.6  (r/R  =  0.32) 

Torsional  load  at  blade  station 
27.3  (r/R  =  0.28) 

Blade  1  root  edgewise  load  at 
blade  station  10.1 
Blade  2  root  edgewise  load  at 
blade  station  10.1 


Blade  3  root  edgewise  load  at 
blade  station  10.1 

Blade  4  root  edgewise  load  at 
blade  station  10.1 

A  number  of  the  derived  param¬ 
eters  from  the  transducer  outputs  were 
computed  and  displayed  at  a  rate  of 
once  per  second  to  allow  the  model 
operator  and  Safety  Of  Flight  (SOF) 
engineer  to  monitor  loads  and  set  tar¬ 
get  test  conditions.  These  values 
accounted  for  tunnel  blockage  and  buoy¬ 
ancy  corrections,  coordinate  transform¬ 
ations,  moment  transfers,  and  balance 
interactions. 

The  heart  of  the  DDAS  digital 
system  was  a  Digital  Equipment  Corpor¬ 
ation  PDP11/34  minicomputer.  Simulta¬ 
neous  sample  and  hold  amplifiers  froze 
the  analog  channels  before  digitizing 
to  maintain  time  correlation  of  each 
parameter  in  each  time  frame  (i.e.,  in 
each  data  snapshot).  Data  were 
acquired  at  a  rate  of  16  samples  per 
rotor  revolution  during  the  icing  test. 
Data  acquisition  hardware  and  software 
were  developed  to  reduce  the  quantity 
of  stored  data.  Data  were  digitized 
only  for  the  first  10  revolutions  of 
each  second  (160  samples  per  data 
burst),  and  transferred  from  the  DDAS 
to  a  PC/AT  computer  for  further 
processing. 

An  integral  part  of  the  DDAS 
processing  was  the  correction  of  the 
wind  tunnel  data  for  the  effects  of  the 
tunnel  walls.  These  corrections 
increase  the  effective  tunnel  speed  and 
alter  the  rotor  wake  flow  angles.  Use 
of  nondimensional  terms  normalize  the 
data  for  day-to-day  changes. in  ambient 
pressure,  rotor  speed  fluctuations,  and 
temperature  variations.  Data  correc¬ 
tions  must  also  be  made  for.  -shaft 
torque  tares,  gravity  tares,, the 
induced  angle  .of  attack,  and  three 
dimensional  buoyancy  and  solid  blockage 
effects.  The  coordinate  systems,  data 
correction  equations,  and  a  description 
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of  the  derived  parameters  will  be 
included  in  a  future  NASA  Contractor 
Report . 


TEST  PROCEDURE 

During  the  test  run,  information 
was  collected  on  the  data  systems  and 
the  video  systems,  and  the  tunnel  con¬ 
ditions  were  monitored.  Liquid  water 
content  information  (rise  time,  cloud 
stabilization,  and  spray  bar  lag  from 
spray  initiation)  was  recorded  from  the 
Control  Room  console  output.  A 
Johnson-Williams  (J -W)  LWC  meter  was 
also  used  during  the  PFM  test. 

Post-run  information  was  gathered 
by  taking  35  mm  camera  photographs, 
recording  ice  tracings,  noting  visual 
observations,  and  making  ice  molds. 
Pictures  were  taken  o*  the  blade  plan- 
form,  an  end. profile,  and  any  unusual 
ice  formations.  Close-up  shots  of  ice 
growths  were  taken  to  record  their 
minute  detail.  A  heated  aluminum  block 
with  a  cut-out  contour  of  the  airfoil 
shape  was  used  to  make  a  clean  slice 
through  the  ice  formation.  A  template 
was  then  held  against  the  ice  shape  and 
a  tracing  made.  Measurements  of  the 
ice  thickness  along  the  profile  were 
taken  at  various  chord  locations. 

Visual  observations  were  recorded  about 
the  kind  of  ice,  any  secondary  growth, 
and  frost  formation.  Molds  were  taken 
for  several  teat  conditions  during  each 
test. 

The  liquid  water  content  and 
droplet  diameter  of  the  spray  cloud  are 
dependent  on  the  spray  bar  water  and 
air  pressures,  and  the  tunnel  velocity. 
The  pressure  values  are  generated  from 
a  set  of  calibration  equations.  The 
above  approach  gives  an  accurate  set¬ 
ting  for  LWC,  but  it  does  not  provide 
any  history  of  the  spray  which  is 
necessary  to  understand  the  cloud  time 
lag  between  spray  on  and  model  inunda¬ 
tion,  rise  time  to  the  target  LWC,  and 


cloud  characteristics  during  the  spray. 
A  Johnson-Williams  (J-W)  liquid  water 
content  meter  was  installed  during  the 
PFM  test  slightly  in  front  of  and  below 
the  rotor  (Fig.  2),  providing  cloud 
time  history  information. 


TEST  DATA 

Accuracy  and  Repeatability 

The  ability  to  repeat  a  test 
condition  was  a  major  goal  of  this  test 
program.  Rotorcraft  icing  flight  test 
data  has  been  subject  to  considerable 
data  scatter,  making  the  application  of 
that  data  to  code  validation  and  basic 
research  difficult.  A  portion  of  the 
observed  scatter  occurs  due  to  varia¬ 
tions  in  the  accretion  of  ice  on  an 
airfoil  (Ref.  7),  but  most  of  the 
scatter  comes  from  uncontrolled  vari¬ 
ation  in  the  cloud.  The  IRT  provides  a 
much  more  controlled  environment  as  is 
shown  by  the  LWC  repeatability  for  two 
settings  in  Fig.  6.  The  trends  from 
the  IRT  test  data  show  some  scatter, 
but  the  data  appear  to  be  of  much 
better  quality  than  previous  data 
available  in  the  public  domain.  Over¬ 
all  ice  shape  repeatability  was  found 
to  be  very  good  during  both  tests.  For 
a  given  set  of  rotor  conditions  and  at 
a  given  radial  location  tracings  of  the 
two-dimensional  shape  were  made  and 
compared  to  obtain  a  measure  of  this 
repeatability.  These  two-dimensional 
shapes  were  found  to  agree  best  at 
colder  temperatures  where  the  formation 
was  of  a  rime  nature  and  was  fairly 
smooth  and  easily  traceable.  The  ice 
tracings  tended  to  vary  more  at  warmer 
temperatures  due  not  necessarily  to 
actual  variation  in  the  shapes  but  to 
difficulties  in  obtaining  accurate 
tracings  of  these  relatively  small  but 
complex  geometries.  However,  even  with 
the  tracing  difficulties  the  repeat¬ 
ability  will  be  shown  to  be  quite  good 
at  these  warmer  temperatures. 
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Figure  7  illustrates  the  quality 
of  ice  shape  repeatability  for  one  par¬ 
ticular  condition  which  was  run  several 
times  during  the  OH-58  tail  rotor  test. 
As  may  be  seen  the  ice  shape  at  the 
measurement  location  was  of  a  glaze 
nature  with  a  slight  double  horn  shape 
and  some  degree  of  roughness  and 
secondary  ice  formation  behind  the 
primary  shape.  In  making  the  cut  in 
the  ice  to  get  to  a  two-dimensional 
tracing,  often  much  of  the  detail  in 
the  secondary  formations  was  lost  due 
to  melting  when  the  cut  was  made.  Some 
of  the  roughness  and  finer  details  of 
the  primary  shape  were  also  affected  by 
partial  melting  during  the  cut.  Even 
with  some  loss  of  detail  though,  it  can 
be  seen  that  the  ice  shapes  tended  to 
repeat  quite  well  from  run  to  run. 
Because  more  care  was  taken  later  in 
the  test  to  preserve  the  roughness  and 
secondary  formation  detail,  the  final 
two  tracings  better  illustrate  the 
actual  ice  shape  which  existed  at  this 
condition  throughout  the  rest  of  the 
OH-58  test.  This  same  degree  of  two- 
dimensional  ice  shape  repeatability  was 
seen  at  other  test  conditions  as  well. 
Figure  8  shows  ice  shape  comparisons 
for  two  different  PFM  repeat  conditions 
and  illustrates  the  small  amount  of 
variance  between  typical  runs.  The 
occurrances  of  ice  shedding  were  also 
repeatable  (Refs.  3  and  5).  Figure  9 
is  a  plot  of  lift  and  torque  coeffic¬ 
ients  as  a  function  of  icing  time  for 
the  PFM.  Results  for  the  5  test  runs 
show  excellent  repeatability.  Other 
repeat  conditions  also  showed  very  good 
agreement . 

The  accuracy  of  the  OH-58  tail 
rotor  torque  measurement  was  not  deter¬ 
mined  during  the  test.  The  2 a  accuracy 
of  the  PFM  rotor  loads  was  estimated  to 
be: 


Balance  full 

Typical  meas- 

scale, 

urement. 

percent 

percent 

Lift 

0.2 

1.1 

Drag 

.2 

10.5 

Torque 

.7 

2.5 

TEST  CONDITIONS 

The  test  matrices  were  set  up  to 
include  a  range  of  conditions  for  a 
number  of  rotorcraft  performance  param¬ 
eters  under  varied  IRT  conditions.  For 
the  OH-58  tail  rotor  test  the  tempera¬ 
ture  range  was  -6.7  to  -26.1  °C,  the 
LWC  range  was  0.25  to  0.50  g/m3,  and 
the  MVD  range  was  10  to  15  /i m.  Maximum 
rotor  tip  speed  was  173  mps  (568  fps). 
For  the  PFM  test  the  temperature  range 
was  -1.7  to  -30.5  °C,  the  LWC  range  was 
0.35  to  1.24  g/m3,  and  the  MVD  range 
was  13  to  23  fl m.  The  predominant  PFM 
condition  was  at  -15  °C,  0.50  g/m3  LWC, 
and  15  /i m  MVD  at  a  rotor  tip  speed  of 
206  mps  (675  fps).  Icing  encounter 
times  were  from  44  to  158  sec.  PFM 
thrust,  propulsive  force,  advance 
ratio,  and  model  rpm  were  changed, 
within  the  above  tunnel  conditions,  to 
provide  a  wide  scope  of  performance 
mapping. 


OH-58  TAIL  ROTOR  DATA  ANALYSIS 

Ice  accretion  on  the  OH-58  tail 
rotor  produced  a  rotor  torque  rise 
which  was  linear  with  time  for  a  fixed 
set  of  rotor  and  tunnel  conditions. 

The  speed  with  which  torque  rose  with 
time  was  dependent  upon  the. specific 
rotor  and  tunnel  conditions  chosen. 
Below  roughly  7°  collective,  the  rate 
of  torque  rise  with  time  in  icing 
appeared  relatively  constant  and 
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independent  of  collective.  At  collec¬ 
tives  greater  than  7°  in  icing,  torque 
rise  was  more  rapid.  Clean  rotor 
torques  at  high  collectives  also  showed 
a  significant  increase  in  slope  over 
the  base  torque  at  lower  collectives, 
and  any  ice  accreted  on  the  blades  will 
then  further  the  torque  rise. 

The  torque  rise  rate  was  also 
found  to  be  dependent  on  cloud  condi¬ 
tions  (lower  liquid  water  content  and 
lower  drop  size  give  slower  torque 
rise)  and  temperature  (there  is  some 
"worst"  temperature  at  which  ice  is 
predominantly  glaze  and  extends  to  the 
tip  without  shedding).  Because  several 
different  parameters  affect  the  accre¬ 
tion  and  shedding  characteristics  of  a 
system,  the  conditions  which  produce 
the  highest  torque  rise  rate  will  vary 
from  one  configuration  to  another.  The 
worst  case  will  most  likely  occur  at 
some  intermediate  temperature  which  is 
conducive  to  glaze  ice  formation  in  the 
tip  region.  For  this  test  that  temper¬ 
ature  appeared  to  be  in  the  neighbor¬ 
hood  of  -15  °C. 

Figure  10  presents  a  typical 
torque  history  in  a  case  where  multiple 
sheds  occurred.  Here  torque  rose 
smoothly  until  shedding  occurred,  at 
which  time  the  torque  dropped  somewhat. 
As  ice  continued  accreting  on  the 
blade,  the  torque  rose  again  until 
another  shed  took  place.  If  the  accre¬ 
tion  had  been  allowed  to  continue  long 
enough,  an  "equilibrium"  time  would  be 
reached  at  which  shedding  and  accretion 
would  roughly  balance  each  other  out. 
Torque  would  then  level  off  at  some 
final  equilibrium  value. 

As  expected,  ice  accretion  on  the 
rotor  blades  tended  to  increase  vibra¬ 
tion  (measured  with  accelerometers)  due 
to  added  mass  on  the  blades-  and  distor¬ 
tion  of  the  flow  field  around  the 
blades'  leading  edges.  Because  the 
accretion  was  symmetric,  vibration  rise 


before  shedding  was  gradual.  Occasion¬ 
ally,  depending  primarily  on  collective 
and  somewhat  on  temperature,  vibration 
rose  to  high  enough  levels  to  necessi¬ 
tate  stopping  the  spray  before  any 
shedding  occurred.  Otherwise,  vibra¬ 
tion  would  rise  gradually  until  shed¬ 
ding  took  place.  At  this  time  the 
vibration  would  either  decrease  if  the 
blades  shed  relatively  symmetrically  or 
increase  if  the  shedding  occurred  on 
only  one  blade.  The  direction  and 
magnitude  of  the  vibration  change  at 
shedding  was  generally  sufficient  to 
indicate  symmetric  or  asymmetric  shed¬ 
ding  to  the  operator  without  any  visual 
indicator. 

A  wide  range  of  tunnel  total  tem¬ 
peratures  from  -26.1  to  -6.7  °C  were 
run  in  this  test  which  encompassed  the 
rime,  mixed,  and  glaze  ice  regimes. 
Temperature  was  found  to  have  a  signi¬ 
ficant  effect  on  the  rotor  ice  accre¬ 
tion  and  shedding  characteristics. 
Tunnel  total  temperature  combined  with 
the  rotational  effect  of  kinetic  heat¬ 
ing  on  the  local  blade  temperatures 
influenced  both  ice  type  and  transition 
location  from  rime  to  glaze  ice.  In 
addition,  the  existence  and  size  of 
secondary  ice  formations  typically  in 
the  form  of  ice  feathers  were  affected 
by  the  local  temperature.  Figure  11 
illustrates  the  change  in  ice  type  at  a 
given  location  and  condition  over  a 
range  of  tunnel  total  temperatures. 

The  shedding  characteristics  are 
strongly  influenced  by  temperature 
because  of  the  material  properties  of 
ice.  Above  23  °F,  both  the  tensile  and 
shear  strength  of  impact  ice  decrease 
as  the  temperature  increases  (Ref.  8). 
Thus,  at  warmer  temperatures  one  would 
expect  to  see  see  more  shedding  at 
shorter  icing  times.  Although  no  con¬ 
centrated  study  has  been  performed  to 
date  on  shedding  aspects  of  this  test, 
this  particular  dependence  on  tempera¬ 
ture  was  observed  during  the 
experiment. 
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Variations  in  cloud  liquid  water 
content  (LWC)  and  median  volumetric 
droplet  diameter  (MVD)  were  found  to 
produce  a  measurable  change  in  the 
accretion  characteristics  of  the  rotor 
blade  ice  formations.  The  liquid  water 
content  and  drop  size  were  always 
varied  in  tandem  in  the  OH-58  tail 
rotor  test,  precluding  determination  of 
the  effect  of  each  specific  parameter 
alone  on  the  resulting  ice  shape,  but 
the  test  still  yielded  insight  into  the 
changes  which  cloud  parameters  had  on 
the  resulting  rotor  ice  shapes.  The 
LWC/MVD  combinations  run  in  this  test 
were  10  am  and  0.25  g/m3,  12  /ica  and 
0.40  g/m  ,  and  15  fim  and  0.50  g/m3. 

Each  produced  markedly  different  accre¬ 
tions  for  a  given  set  of  conditions  as 
Fig.  12(a)  shows.  Increasing  the 
LWC/MVD  had  the  effect  of  further 
encouraging  glaze  ice  formation  at  a 
given  temperature  and  given  radial 
location. 

Cloud  liquid  water  content  and 
drop  size  were  seen  to  have  a  signifi¬ 
cant  effect  on  rotor  torque  and  vibra¬ 
tion  by  influencing  the  size  and  type 
of  ice  which  formed  on  the  rotor 
blades.  Each  of  the  three  sets  of 
cloud  conditions  produced  markedly 
different  ice  shapes  and  therefore 
distinctly  different  torque  levels  for 
a  given  rotor  operating  condition  and 
temperature.  As  Fig.. 12(b)  illus¬ 
trates,  going  from  the  clean  blades  to 
a  2-min  icing  spray  at  a  liquid  water 
content  of  0.25  g/m3  and  median  droplet 
diameter  of  10  /im,  caused  no  measurable 
change  in  torque.  Further  raising  the 
cloud  density  to  0.4  g/m3  and  the 
droplet  diameter  to  12  fim  raised  the 
torque  values  by  about  16  N-m.  An  even 
more  substantial  torque  rise  was  pro¬ 
duced  by  going  to  a  liquid  water  con¬ 
tent  of  0.5  g/m3  and  droplet  diameter  of 
15  fim.  Here  the  torque  was  found  to 
rise  by  about  32  N-m  at  each 
collective. 


Rotor  rpm  was  found  to  have  a 
substantial  effect  on  the  nature  of  the 
ice  which  formed  on  the  blades  under  a 
given  condition.  Increasing  rpm  had 
the  effect  of  increasing  the  local 
velocity  at  some  radial  station  which 
then  encouraged  a  more  glaze-oriented 
formation  than  did  the  lower  speeds. 
This  in  turn  had  the  effect  of  shifting 
the  rime-to-glaze  ice  transition  zone 
further  inboard  on  the  blade  as  rpm  was 
increased.  Figure  13  illustrates  this 
rpm  effect  for  a  given  set  of 
conditions. 


PFM  DATA  ANALYSIS  AND  CORRELATION 
Baseline  Data 

The  analysis  presented  in  this 
section  concentrates  on  the  effect  of 
icing  time  on  performance  parameters, 
primarily  rotor  lift  and  rotor  torque. 
The  hovering  performance  of  the  rotor 
was  determined  during  tests  in  the 
Sikorsky  model  rotor  test  facility. 

The  measured  hover  performance  is  com¬ 
pared  with  the  model  rotor  predictions 
of  the  CAMRAD/JA  code  (Ref.  10).  These 
data  show  that  the  rotor  performance 
matched  theory,  using  a  Acrf  of  0.0026 
to  adjust  the  full-scale  (chord  = 

0.41  m  or  16  in.)  NACA  0012  airfoil 
data  for  the  effect  of  Reynolds  number 
on  profile  drag.  This  profile  drag 
increment  is  consistent  with  that 
derived  using  Ref.  11  methodology. 


Determining  the  Onset  of  Icing 

One  step  in  the  analysis  of  the 
effect  of  icing  on  a  rotor  is  the 
determination  of  the  time  that  the 
spray  cloud  reached  the  model,  the 
onset  of  icing  time.  An  accurate 
determination  of  the  onset  of  icing  is 
important  to  provide  a  valid  reference 
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point  for  data  and  theoretical  com¬ 
parisons.  The  data  were  reviewed  to 
determine  experimentally  the  time  for 
this  onset  of  icing.  This  onset  time 
was  based  on  the  Johnson-Williams  (J-W) 
LWC  probe  (when  available)  or  the 
beginning  of  the  change  in  rotor  torque 
and  lift.  This  approach  minimized 
random  variations  in  spray  development 
time  and  improves  the  overall  data 
quality  for  the  analysis  for  parameter 
comparisons. 


Liquid  Water  Content 

For  this  test,  the  duration  of 
the  spray  generally  ranged  from  44  to 
158  sec,  including  the  spray  stabiliz¬ 
ation  time.  The  rate  of  ice  accretion 
is  directly  related  to  the  chord  size. 
The  smaller  the  chord,  the  faster  the 
non-dimensional  ice  growth.  Because  of 
this,  sub-scale  experiments  must  use 
shorter  spray  times  to  simulate  full- 
scale  icing  encounters.  A  plot  of  the 
J-W  LWC  data  for  a  number  of  runs 
(Fig.  14)  indicates  that  there  was  some 
rise  time  prior  to  reaching  the  target 
value  (with  the  rise  time  increasing  at 
the  higher  LWC  runs).  However,  the 
spray  condition  remained  relatively 
close  to  the  desired  setting  after  the 
ramp  up.  The  cloud  reached  the  model 
about  10  sec  after  the  "spray  on" 
command  was  given. 


Ice  Shedding 

The  ice  shedding  process  is  a 
very  important  factor  in  a  propeller  or 
rotorcraft  icing  encounter;  this  phe¬ 
nomenon  dominates  the  outcome  of  the 
entire  icing  event.  Figure  15  shows  a 
plot  of  the  root  strain  gage  output  for 
each  of  the  blades  as  a  function  of 
time.  When  a  shed  occurred  there  was  a 
large  fluctuation  in  the  strain  gage 
reading.  There  were  two  major  shedding 
events  for  this  run;  one  at  approxi¬ 
mately  25  sec  and  another  at  about 


38  sec.  For  both  events  blade  number  4 
experienced  a  shed  first,  followed  by 
sheds  from  the  other  blades.  Rotor 
torque,  also  shown  in  Fig.  15, 
exhibited  a  small  reduction  during 
minor  shedding,  with  more  pronounced 
changes  in  torque  at  major  shedding 
events.  There  were  instances  where  ice 
was  shed  asymmetrically,  but  the  model 
vibration  load  limits  were  not 
exceeded.  Figure  16  shows  an  example 
of  a  section  of  a  blade  with  ice  shed. 
While  this  shows  a  relatively  clean 
break  in  the  ice,  the  majority  of  the 
time  there  is  some  residual  ice  left  on 
the  blade  after  a  shed. 

Lift  and  Torque  Increments 

The  rotor  balance  was  sized  to 
accommodate  the  vibratory  loads  due  to 
ice  shedding,  and  was,  therefore  too 
large  to  measure  precisely  the  low  pro¬ 
pulsive  force  (power  required  to  main¬ 
tain  a  forward  velocity)  levels  at  the 
primary  test  speed  of  31.1  m/sec 
(80  kt).  However,  the  data  show  that 
shaft  angle,  and  hence  propulsive 
force,  are  of  secondary  importance  in 
the  data  trends  (Ref.  5). 

The  A  lift  data  from  the  first 
of  the  two  entries  shows  a  rapid  lift 
loss  at  the  beginning  of  the  ice 
encounter,  indicative  of  a  significant 
roughness  effect  on  the  lift  curve 
shape.  Data  from  the  second  entry  does 
not  exhibit  the  large  initial  lift 
loss,  more  consistent  with  current 
theoretical  predictions  (see  Correla¬ 
tion  with  Theory  section  of  this 
paper).  Other  data  obtained  in  this 
test  program  show  that  variation  in 
C Jo  has  no  effect  on  lift  loss  or 
torque  rise  due  to  icing,  i.e.,  the 
percent  loss  in  lift  and  the  percent 
rise  in  torque  are  independent  of 
initial  rotor  lift. 

The  model  was  tested  over  an 
advance  ratio  range  consistent  with  the 
blade  envelope.  For  the  advance  ratio 
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range  tested  there  is  no  statistically 
significant  effect  on  either  A  lift 
or  A  torque . 

The  data  followed  expected  trends 
when  the  LWC  was  increased.  The  torque 
data  increased  and  the  lift  at  constant 
collective  pitch  decreased  (Fig.  17). 

The  median  volume  droplet  diam¬ 
eter  was  changed  in  a  range  from  13  to 
23  at  a  constant  LWC  of  0.75  g/m3. 
The  results  indicate  that  an  increase 
in  MVD  has  the  expected  effect  of 
increasing  the  torque  and  decreasing 
lift  (Fig.  18). 

Temperature  was  varied  from  near- 
3.7  to  -30.5  °C.  Figure  19  shows  a 
plot  of  the  power  increase  for  temper¬ 
atures  ranging  from  -3.7  to  -15.2  °C. 
The  torque  increases  as  temperature 
decreases  because,  in  this  temperature 
range,  the  radial  icing  extent 
increases  and  the  outer  extent  is 
composed  of  more  glaze  ice  than  rime. 

As  more  of  the  rotor  blade  is  iced  the 
performance  penalties  become  more 
severe.  Figure  20  shows  another  plot 
of  torque  rise  for  a  much  colder  tem¬ 
perature  range,  -15.2  to  -30.5  °C. 

Here,  the  torque  rise  trend  reverses 
and  actually  decreases  with  temper¬ 
ature.  As  the  temperature  decreases 
the  ice  shape  changes  from  glaze  to 
rime,  and  the  performance  penalties  are 
less.  Figures  19  and  20  show  plots  of 
the  lift  loss  for  these  ranges  of 
temperature.  The  trend  is  consistent 
with  that  of  the  torque  with  the 
exception  of  the  extremely  cold  tem¬ 
perature  (-30.5  °C) . 

The  effects  of  icing  on  rotor 
torque  at  different  tip  speeds  is  shown 
in  Fig.  21.  For  the  higher  tip  speeds  a 
balance  between  shedding  and  accretion 
appears  to  have  been  reached  such  that 
the  torque  levels  off  after  roughly 
50  sec  of  icing  time.  However,  the 
torque  trace  for  the  lowest  tip  speed 


indicates  a  much  higher  torque  towards 
the  end  of  the  data  run,  since  this 
lower  tip  speed  has  not  induced 
shedding. 

Comparison  With  Theory 

Comparison  with  theoretical 
methods  can  involve  accretion,  shed¬ 
ding,  and  rotor  performance.  The  cor¬ 
relation  presented  in  this  paper  uses 
LEWICE  for  ice  accretion,  and  computes 
performance  using  the  Sikorsky  Gen¬ 
eralized  Rotor  Performance  (GRP) 
forward  flight  performance  code  with 
the  rotorcraft  icing  subroutine  of 
Ref.  7.  This  sub-routine  is  based  on 
an  empirical  correlation  with  experi¬ 
mental  data. 

The  ability  to  adequately  predict 
a  given  ice  shape  is  critical  to  a  rig¬ 
orous  methodology  which  predicts  per¬ 
formance  degradation  during  an  icing 
encounter.  The  results  presented  here 
were  obtained  with  the  computer  anal¬ 
ysis  LEWICE  (Ref.  12),  which  was 
developed  at  NASA  Lewis.  LEWICE  is  a 
two-dimensional  code  which,  given  the 
geometric  and  atmospheric  conditions, 
will  predict  the  cross-sectional  ice 
shape  for  a  specified  icing  time. 
Several  comparisons  have  been  made 
between  the  predictions  of  LEWICE  and 
these  experimental  data  (Ref.  6).  The 
local  angle  of  attack  was  determined 
with  the  Boeing  Helicopters  B65  com¬ 
puter  performance  code.  The  Mach 
number  and  angle  of  attack  were 
azimuthal ly  averaged  for  input  into 
LEWICE  as  shown  to  be  appropriate  by 
Korkan,  Dadone,  and  Shaw  (Ref.  13)  and 
Flemming  and  Lednicer  (Ref.  7).  The 
guidelines  for  time  step  size  and 
surface  roughness  were  those  described 
by  Korkan  and  Britton  (Ref.  14).  Fig¬ 
ure  22  shows  two  sample  comparisons  for 
a  rime  condition.  The  overall  agree¬ 
ment  is  quite  good  with  slight  over¬ 
prediction  by  LEWICE  on  the  lower 
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(pressure)  surface.  Detailed  com¬ 
parisons  have  been  made  for  both  rime 
and  glaze  conditions  and  the  results 
have  been  encouraging  (Ref.  6). 

The  icing  correlation  can  be 
broken  into  two  time  regimes.  The  first 
regime  exists  prior  to  ice  shedding, 
thereby  limiting  the  analysis  solely  to 
a  study  of  ice  accretion.  The  second 
regime  exists  after  ice  shedding 
begins,  adding  a  somewhat  random  factor 
to  the  correlation. 

The  correlation  centered  on  pre¬ 
diction  of  incremental  rotor  lift 
(Ac JO)  and  incremental  rotor  torque 
(Ac  / a )  for  input  shaft  angles  and 
flapping  angles.  Collective  pitch  was 
held  constant  at  the  predicted  clean 
rotor  trim  solution  and  the  performance 
of  the  rotor  system  was  allowed  to 
degrade.  The  ramp  in  LWC  that  occurred 
during  the  start  of  the  icing  encounter 
(Fig.  14)  has  been  ignored  and  a  step 
change  assumed.  Emphasis  has  been 
placed  on  the  evaluation  of  the  effects 
of  tip  speed,  rotor  lift,  LWC,  droplet 
diameter,  icing  time,  and  temperature 
on  rotor  lift  and  torque.  These  vari¬ 
ables  encompass  the  major  terms  in  the 
Ref.  7  icing  relationships. 

A  key  element  in  the  prediction 
of  iced  rotor  lift  and  torque  changes 
is  the  prediction  of  radial  ice  extent. 
Figure  23  shows  a  comparison  between 
the  observed  ice  extents  from  the  PFM 
test  and  the  Ref.  7  prediction.  Since 
some  shedding  of  ice  may  have  occurred 
prior  to  the  post  run  ice  extent  obser¬ 
vations,  it  would  be  expected  that  the 
data  would  fall  on  or  below  the  Ref.  7 
line.  The  points  that  fall  above  the 
line  imply  that  the  Ref.  7  ice  extent 
boundary  temperature  could  be  increased 
for  future  correlation  work. 

Figures  24  and  25  present  the 
predicted  effect  of  temperature  on 
changes  of  lift  and  torque.  The  Ref.  7 
method  underpredicts  warm  icing  cases. 


The  observed  ice  extent  from  the  warm 
temperature  icing  ranged  in  span  from 
32  to  49  percent.  The  predicted  ice 
extent  is  48  percent,  excellent  agree¬ 
ment  considering  that  some  ice  may  have 
shed  from  the  blade  between  the  ice 
accretion  and  the  post  tunnel  shutdown 
observations.  Ice  thicknesses  for 
these  cases  were  not  quantified,  but 
the  run  log  noted  that  the  ice  thick¬ 
nesses  were  small.  The  predicted  ice 
thickness  ranges  from  0.25  mm 
(0.01  in.)  to  2.29  mm  (0.09  in.), 
consistent  with  the  "small  thickness" 
observations.  The  large  increments  in 
power  at  warm  icing  temperatures  have 
been  reported  by  pilots,  but  these 
occurrences  are  not  well  documented. 
Further  research  in  this  area  is 
warranted. 

Once  the  blade  is  fully  iced, 
comparison  using  Ref.  7  relationships 
is  much  better.  Figures  24  and  25  show 
that  the  agreement  is  very  good  at  -10, 
-15,  and  -20  °C.  However,  the  predic¬ 
tion  is  conservative  at  colder  temper¬ 
atures.  An  examination  of  the 
predicted  drag  coefficients  shows  that 
the  Ref.  7  code  can  produce  rime  drag 
coefficients  that  are  greater  than  com¬ 
parable  glaze  drag  coefficients  for 
small  icing  times.  A  reduction  in  rime 
drag  coefficients  can  improve  correla¬ 
tion  significantly.  The  code  has  been 
modified  to  use  glaze  ice  drag  coeffi¬ 
cients  when  those  coefficients  are  less 
than  the  predicted  rime  ice  drag 
coefficients. 


CONCLUSIONS 

Scaling 

It  should  be  noted  that  these 
tests  did  not  deal  with  scaling  in  a 
truly  rigorous  way.  The  rotor  chord 
was  kept  as  large  as  possible  in  order 
to  reduce  Reynolds  number  effects. 

This  resulted  in  a  high  solidity 
because  tunnel  geometry  constrained  the 
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rotor  diameter.  To  minimize  scale 
effects,  the  model  was  operated  at 
full-scale  tip  speeds  and  full-scale 
tunnel  speeds.  Tunnel  temperatures  and 
pressures  represent  full  scale  condi¬ 
tions.  These  give  a  model  Reynolds 
number  that  is  lower  than  the  full- 
scale  value  by  a  factor  of  the  full  to 
model  scale  chord  ratio.  While  liquid 
water  content  and  droplet  diameter  are 
important,  spray  cloud  limitations 
prevented  strict  scaling  of  these 
parameters.  Scale  relations^-' ps  have 
been  presented  to  account  for  these 
effects  (Refs.  4,  5,  and  9). 


CONCLUDING  REMARKS 

The  testing  of  the  OH-58  Tail 
Rotor  Rig  represented  a  positive  and 
crucial  first  step  in  model  rotor  icing 
tests.  Data  gathered  in  this  test  was 
repeatable  in  terms  of  the  nature  of 
the  accretions  and  their  effect  on 
rotor  performance.  Techniques  for 
testing  of  a  model  rotor  in  an  icing 
wind  tunnel  were  developed  and  served 
to  enhance  the  follow-on  testing  of  the 
PFM,  and  set  the  capability  for  future 
testing  of  other  models  of  rotating 
systems  in  icing. 

The  examination  of  the  data  from 
the  Powered  Force  Model  testing  has 
provided  encouraging  results.  The 
quality  of  the  test  data  appears  to  be 
excellent.  The  changes  in  lift  and 
torque  are  well  documented  and  are 
remarkably  repeatable.  The  model 
instrumentation  clearly  shows  the  time 
of  shedding  events. 

The  data  show  the  effects  of  tem¬ 
perature,  rotor  speed,  liquid  water 
content,  and  droplet  diameter  on  icing. 
The  data  trends  are  generally  as 
expected.  Test  procedures  established 
for  rotorcraft  testing  in  the  IRT  pro¬ 
vided  a  safe  operating  environment  and 
produced  high  quality  data  for  per¬ 
formance  analysis.  The  lift  at  a  con¬ 
stant  control  collective  dropped  by  up 


to  15  percent  due  to  icing.  Torque 
increases  of  50  percent  and  more  were 
common.  The  techniques  employed  have 
been  validated  by  the  results  obtained, 
and  the  data  will  be  useful  for  code 
and  scaling  research  and  development. 

Comparisons  were  made  between  the 
experimental  ice  accretion  data  and  the 
analysis  of  LEWICE.  The  results  for 
the  rime  condition  were  excellent. 
Results  for  the  glaze  condition  were 
mixed  with  a  slight  tendency  to  over¬ 
predict  the  thickness.  Overall,  it  is 
felt  that  the  predictability  of  the  ice 
shape  data  was  good. 

Comparison  of  test  results  were 
made  with  the  Sikorsky  Generalized 
Rotor  Performance  (GRP)  code  predic¬ 
tions.  Excellent  prediction  of  moder¬ 
ate  temperature  (-20°  <  T  <  -10  °C) 
performance  degradation  was  achieved. 
The  code  slightly  overpredicted  colder 
temperature  torque  rise  due  to  an 
overprediction  of  rime  ice  profile 
drag.  The  code  underpredicts  warmer 
torque  rise,  a  phenomenon  that  must  be 
researched  further. 


Future  Plans 

The  near  term  goal  is  the  comple¬ 
tion  of  the  data  analysis  for  the  PFM 
entries  and  the  continuation  of  cor¬ 
relation  studies.  High  speed  16  mm 
movies  will  be  processed,  and  this 
information  used  with  the  energy  impact 
data  to  support  ice  accretion  and 
shedding  model  development.  Molds 
taken  during  the  testing  will  be  used 
to  make  ice  castings  for  use  in  simu¬ 
lated  ice  experiments.  The  next  exper¬ 
imental  effort  will  be  a  re-entry  of 
the  OH-58  model  rotor  in  the  IRT  with  a 
calibrated  impact  energy  measurement 
device.  This  test  will  concentrate  on 
documentation  and  analysis  of  the  ice 
shedding  process. 
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Longer  term  goals  include  further 
PFM  model  icing  tests,  coordinated  with 
full-scale  rotorcraft  icing  flight 
testing.  This  would*  follow  a  logical 
progression  for  development  and  veri¬ 
fication  of  the  model  rotor  test  tech¬ 
niques  and  the  analytical  methods,  and 
identify  where  their  use  in  main  rotor 
design  is  appropriate. 


REFERENCES 

1.  Guffond,  D.P.:  Icing  and  De-icing 

Test  on  a  1/4  Scale  Rotor  in  the 
ONERA  SIMA  Wind  Tunnel.  AIAA 
Paper  86-0480,  Jan.  1986. 

2.  Reinmann,  J.J.;  Shaw,  R.J.;  and 

Ranaudo,  R.J.j  NASA's  Program  on 
Icing  Research  and  Technology. 
Flight  in  Adverse  Environmental 
Conditions,  AGARD  CP-470,  1989 
(Also,  NASA  TM-101989 ) . 

3.  Miller,  T.L.;  and  Bond,  T.H. : 

Icing  Research  Tunnel  Test  of  a 
Model  Helicopter  Rotor.  NASA 
TM-101978,  1989. 

4.  Bond,  T.H.;  Flemming,  R.J.;  and 

Britton,  R.K.:  Icing  Tests  of  a 
Sub-Scale  Model  Main  Rotor.  Pro¬ 
ceedings  of  the  46th  Annual 
American  Helicopter  Society  Forum, 
Vol.  1,  May  1990,  pp.  267-281. 

5.  Flemming,  R.J.;  Bond,  T.H.;  and 

Britton,  R.K.:  Results  of  a  Sub- 
Scale  Model  Rotor  Icing  Test. 

AIAA  Paper  91-0660,  Jan.  1991. 

6.  Britton,  R.K.;  arid  Bond,  T.H.:  A 

Review  of  Ice  Accretion  Data  Frpm 
a  Model  Rotor  Icing  Test  and  Com¬ 
parison  Theory.  AIAA  Paper 
91-0661,  Jan.  1991. 


7.  Flemming,  R.J.;  and  Lednicer,  D.A.: 

High  Speed  Ice  Accretion  on  Rotor- 
craft  Airfoils.  NASA  CR-3910, 
1985.  , 

8.  Scavuzzo,  R.J.;  and;  Chu,  M.L.: 

Structural'  Properties  of  Impact 
Ices  Accreted  on  Aircraft  Struc¬ 
tures.  NASA  CR-179580,  1987. 

9.  Armand,  C.,  et  al.x  >  Techniques  and 

Facilities  Used  at  'the  ONERA 
Modane  Centre  for  Icing  Tests. 
Aircraft  Icing,  AGARD-AR-127, 

1978,  pp.  A6-1  to  A6-23. 

10.  Johnson,  W. :  CAMRAD/JA,  A  Compre¬ 

hensive  Analytical  Model  of  Rotor- 
craft  Aerodynamics  and  Dynamics: 
Johnson  Aeronautics,  Palo  Alto, 

CA,  1988. 

11.  Keys,  C.N.,  et  al.:  Estimation  of 

Full-Scale  Rotor  Performance  from 
Model  Rotor  Test  Data,  journal  of 
the  American  Helicopter  society, 
vol.  30,  no.  4,  Oct.  1985, 
pp.  22-29. 

12.  Ruff,  G.A.;  and  Berkowitz,  B.M. : 

Users  Manual  for  the  N'iSA  Lewis 
Ice  Accretion  Prediction  Code 
(LEWICE).  NASA  CR-185129,  1990. 

13.  Korkan,  K.D.;  Dadone,  L.;  and  Shaw, 

R.J.:  Performance  Degradation  of 
Helicopter  Rotor  Systems  in  For¬ 
ward  Flight  Due  to  Rime  Ice  Accre¬ 
tion.  AIAA  83-0029,  Jan.  1983. 

14.  Korkan,  K.D.;  and  Britton,  R.K.:  A 

Study  of  Ice  Shape  Prediction 
Methodologies  and  Comparison  With 
Experimental  Data.  AIAA  Paper 
90-0753,  -Jan.  1990. 


•  ;  '-w-i 


—  RUN  09 
RUN  70 
RUN  71 

—  RUN 97 

—  RUN  100 

—  AVERAGE 


STATIC  TEMPERATURE 


10-1 


A  REVIEW  OF  ICING  RESEARCH  AT  THE  ROYAL  AEROSPACE  ESTABLISHMENT 


R.W.  Gent 


Royal  Aerospace  Establishment 
Farnborough 
Hampshire,  GU14  6TD 
England 


SUMMARY 

This  paper  provides  a  brief  review  of 
the  computer  models  developed  by  RAE  for 
the  analysis  of  natural  rotor  icing  and 
rotor  protection  against  icing. 

Experimental  results  are  then  presented  for 
the  increase  in  profile  drag  due  to  rime, 
glaze  and  beak  type  icing.  This  data, 
combined  with  other  published  data,  have 
been  used  to  obtain  correlations  for  iced 
aerofoil  performance  which  have  been 
included  in  a  computer  model  of  helicopter 
performance.  This  enables  the  prediction  of 
the  increase  in  rotor  power  required  by  a 
helicopter  with  unprotected  rotors  during 
flight  in  icing  conditions.  Comparisons 
between  model  prediction  and  both  rig  and 
flight  test  data  are  given. 


NOMENCLATURE 

CQ  drag  coefficient 

C^  lift  coefficient 

CQ/s  torque  coef f icient/solidi ty 

L,F  correlation  factors  for  glaze  ice 

LWC  liquid  water  concentration,  g/raJ 

Nj  freezing  fraction 

OAT  outside  (static)  air  temperature, °C 

x/c  chordwise  distance 

a  incidence,  degrees 

zero  lift  incidence,  degrees 
T  accretion  time,  min 

A  difference  with  icing  time 


INTRODUCTION 

Ice  accretion  resulting  from  flight  in 
cloud  at  temperatures  at  or  below  0°C  still 
poses  a  significant  hazard  to  most  military 
and  civil  helicopters  leading  to 
unacceptable  limitations  in  the  available 


flight  envelope.  While  some  helicopters 
have  limited  clearances,  based  on  engine, 
windscreen  and  pitot  protection  only, 
very  few  have  fully  developed  and 
certificated  rotor  protection  systems.  It 
was  these  constraints  on  helicopter 
operations  that  led  RAE  to  increase  effort 
on  icing  research  in  the  late  1970's.  The 
aim  was  to  provide  an  understanding  of  the 
rotor  icing  problem  and  to  provide 
engineers  with  the  tools  needed  to  design 
the  necessary  rotor  protection  systems. 

This  paper  provides  a  brief  review  of 
the  computer  models  developed  by  RAE  for 
the  analysis  of  natural  rotor  icing  and 
rotor  protection  against  icing. 

Experimental  results  are  then  presented  for 
the  increase  in  profile  drag  due  to  rime, 
glaze  and  beak  type  icing.  This  data, 
combined  with  other  published  data,  has 
been  used  to  obtain  correlations  for  iced 
aerofoil  performance  which  have  been 
included  in  a  computer  model  of  helicopter 
performance.  This  enables  the  prediction  of 
the  increase  in  rotor  power  required  by  a 
helicopter  with  unprotected  rotors  during 
flight  in  icing  conditions.  Comparisons 
between  model  prediction  and  both  rig  and 
flight  test  data  are  given. 


ICE  TYPES 

This  paper  makes  reference  to  three 
types  of  ice  accretion  which  can  form  on  a 
helicopter  rotor.  These  are  rime,  glaze  and 
beak  type  ice  accretion.  For  the  reader 
unfamiliar  with  icing  terminology,  the 
accretion  types  are  defined  below  and 
illustrated  in  Figure  3 , 

At  combinations  of  low  airspeed,  low 
ambient  temperature  or  low  cloud  liquid 
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water  concentration  (LWC),  the  super-cooled 
water  droplets  freeze  on  iirpact  tending  to 
form  a  streamlined  accretion  which  is  white 
and  opaque  due  to  the  presence  of  trapped 
air  bubbles.  The  accretion  may  become  less 
streamlined  as  the  size  of  the  accretion 
increases. 

At  certain  combinations  of  speed, 
ambient  air  tfmperature  and  LWC,  not  all  of 
the  water  freezes  on  impact,  some  running 
back  along  the  surface  which  can  freeze  at 
aft  positions  on  the  aerofoil.  The  tendency 
is  for  this  accretion  to  exhibit  a  horn  on 
each  of  the  upper  and  lower  surfaces.  This 
type  of  accretion  is  termed  glaze  ice.  The 
central  region  where  runback  water  is 
present  tends  to  be  translucent  in 
appearance,  although  the  accretion  further 
aft  may  again  become  white  and  opaque  like 
rime  ice;  the  water  droplets  in  this  region 
freezing  on  impact. 

At  combinations  of  high  speed  and  warm 
ambient  temperature,  close  to  0°C,  the  only 
place  where  ice  can  form  is  in  the  region 
of  low  pressure  on  the  upper  surface  near 
the  leading  edge.  Under  these 
circumstances,  a  "slushy"  ridge  of  ice 
forms,  termed  beak  ice. 

Due  to  the  variation  in  local  velocity 
with  span  along  a  helicopter  rotor,  it  is 
possible  for  all  three  types  of  accretion 
to  be  present  at  the  same  time.  Rime  ice 
can  form  at  inboard  stations,  a  region  of 
glaze  icing  may  form  further  out,  and 
finally  a  region  of  beak  icing  may  form 
near  the  tip  of  the  rotor. 

ICING  ANALYSIS  METHODOLOGY 

Figure  2  shows  the  overall  aims  of  the 
RAE  approach  to  icing  analysis.  Starting 
with  a  given  combination  of  flight 
conditions,  environmental  conditions,  and 
body  geometry  it  is  first  necessary  to 
calculate  the  flowfield  about  that 
geometry.  This  enables  the  trajectories  of 
cloud  water  droplets  to  be  calculated, 
which  is  necessary  to  determine  where  and 
at  what  rate  the  droplets  impact  the 
surface  i.e.  the  determination  of  the  water 
droplet  collection  efficiency  distribution. 


With  the  collection  efficiency 
distribution  known,  the  next  stage  is  to 
predict  how  this  water  will  freeze  to  form 
an  ice  accretion.  This  is  achieved  by 
carrying  out  a  thermodynamic  analysis  (or 
heat  balance)  over  a  section  of  the  leading 
edge.  Having  determined  the  ice  profile, 
the  next  stage  is  to  evaluate  the 

aerodynamic  performance  penalty;  primarily 

/ 

a  large  increase  in  profile  drag,  although 
a  reduction  in  lift  coefficient  and 
increase  in  pitching  moment  coefficient  are 
also  possible.  This  is  at  the  component 
level;  the  calculations  then  need  to  be 
repeated  for  other  parts  of  the  wing  or 
rotor  and  the  results  input  to  a  model  of 
the  whole  aircraft,  wing  or  rotor  to 
predict  the  total  degraded  performance  of 
the  unprotected  aircraft. 

In  Figure  1,  the  box  labelled 
experimental  data  has  been  included  since 
at  present  there  is  no  CFD  prediction 
capability  for  iced  aerofoil  performance  in 
the  UK.  At  present  therefore,  the  only 
alternative  is  to  measure  the  degraded 
performance  either  directly  in  icing 
tunnels  or  indirectly  with  replicas  of  the 
ice  shape  tested  in  a  conventional  wind 
tunnel.  The  measured  aerodynamic  data  is 
then  used  either  directly  in  a  prediction 
of  performance  or,  as  is  more  convenient, 

.o  generate  correlations  for  the  ice 
degraded  aerofoil  performance. 

Results  such  as  collection  efficiency 
distribution  or  ice  shape  obtained  from 
application  of  the  ice  accretion  prediction 
programs  can  be  input  to  a  model  of  an 
aerofoil  ice  protection  system. 
Alternatively,  sections  of  code  from  the 
icing  analyses  can  be  embedded  directly 
into  a  model  of  the  ice  protection  system 
in  order  to  predict  the  heat  transfer  from 
the  aerofoil  surface  and  hence  any 
resulting  ice  accretion.  At  RAE,  interest 
has  been  confined  to  electrothermal  ice 
protection  systems,  anti-icing  or  de-icing 
using  electrical  heating  elements,  since 
these  remain  the  only  viable  means  for 
protecting  helicopter  rotors  at  present. 

The  analysis  capability  is  necessary  for 
the  design,  optimisation  and  certification 
of  the  protection  system.  The  aim  is  to 
predict  the  transient  temperature  response, 
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at  the  surface  and  at  internal  positions, 
of  a  multi-layered  structure  with  embedded 
electrical  heating  strips  while  taking 
account  of  the  complex  heat  balance  at  the 
aerofoil/ice  surface.  The  designer  is 
interested  in  determining  how  much 
electrical  power  to  use,  how  long  to 
activate  a  particular  heating  element  in  a 
de-icing  system  and  how  much  ice  is  melted 
and  shed.  With  the  advent  of  glass  and 
carbon  fibre  composites,  the  engineer  is 
particularly  interested  in  determining  the 
maximum  temperature  arising  within  the 
heated  structure. 

ANALYSIS  CAPABILITIES  DEVELOPED  AT  RAE 

Figure  3,  shows  the  main  programs  that 
have  been  developed  at  RAE  over  the  past 
decade.  It  is  not  appropriate  in  this  paper 
to  discuss  each  of  the  programs  in  detail. 
Such  information  is  provided  in  the 
appropriate  references.  In  this  paper,  only 
the  main  attributes  of  the  programs  are 
discussed,  along  with  the  conclusions  that 
RAE  has  drawn  from  the  application  of  these 
programs. 

RAE  has  developed  two  droplet 
trajectory  calculation  programs;  both 
assume  steady,  two  dimensional  flow 
conditions.  The  first  program  to  be 
developed  was  based  on  an  aerodynamic  code 
that  treats  compressible  flow,  and  also  has 
the  ability  to  introduce  a  correction  for 
viscous  effects  .  However,  it  was  found 
that  both  compressibility  and  viscous 
corrections  had  a  negligible  effect  on  the 
predicted  water  droplet  trajectories  and 
so,  subsequently,  a  second  code  was 

developed  which  is  more  user  friendly. 

2 

This  code  is  based  on  a  simpler 
aerodynamic  analysis  that  assumes 
incompressible,  potential  flow. 

For  ice  accretion  prediction  RAE  began 
with  simple  ID  codes.  These  allow  the 
freezing  fraction  at  a  single  chordwise 
position  to  be  assessed.  The  stagnation 
point  is  usually  the  position  at  which  the 
calculation  is  applied.  The  freezing 
fraction  is  the  proportion  of  the  total 
incident  water  which  freezes  in  unit  time. 
A  freezing  fraction  of  one  implies  rime 


icing;  between  one  and  zero  glaze  icing  (pr 
beak  icing  at  a  position  aft  of  the 
stagnation  point  on  the  upper  surface);  and 
zero,  no  icing.  These  ID  calculations  are 
particularly  useful  for  predicting  the  type 
(rime,  glaze  or  beak  ice)  and  radial 
distribution  of  ice  accretion  along  a 
rotor. 

The  next  step  was  to  develop 
two-dimensional  analyses,  which  predict  the 
shape  and  size  of  the  accretion. 

Development  began  with  a  steady 
two-dimensional,  compressible  flow  model, 
which  neglected  the  effect  of  heat 
conduction  within  the  rotor  blade,  or 
aerofoil  .  This  was  followed  by  an 
investigation  of  the  effect  of  heat 
conduction  within  the  blade  ^ .  Results 
showed  that  for  most  practical  rotor  blade 
constructions,  the  effect  of  heat 
conduction  within  the  blade  was  negligible. 

The  next  model  addressed  the  effects  of 
cyclic  varying  airspeed  and  incidence, 
appropriate  to  a  helicopter  rotor  in 
forward  flight  This  was  a  pseudo 
unsteady  analysis.  The  azimuth  was  divided 
into  a  number  or  segments,  typically  100, 
and  the  distributions  for  collection 
efficiency,  pressure  and  convective  heat 
transfer  coefficient  were  calculated  using 
the  instantaneous  value  of  airspeed  and 
incidence.  A  transient  heat  conduction 
analysis  applied  around  the  rotor  azimuth 
was  used  to  determine  the  equilibrium  ice 
accretion  rates  which  where  then  averaged 
over  the  rotor  azimuth. 

The  results  from  this  program  confirmed 
that  harmonic  pitch  variation  increased  the 
limits  of  droplet  impact,  but  did  not  have 
a  significant  effect  on  the  profile  of  the 
ice  at  the  leading  edge.  Cyclic  variation 
of  local  velocity  was  found  to  have  a  small 
effect  in  terms  of  the  threshold  for  ice 
accretion,  but  again  the  ice  shape  was  not 
significantly  affected.  However,  the 
predicted  glaze  ice  shapes  from  this  modtl 
were  never  entirely  satisfactory.  The 
problem  was  attributed  to  the  modelling  of 
the  convective  heat  transfer  which  assumed 
distributions  obtained  for  static 
conditi  ns  could  be  applied  under 
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periodically  varying  conditions.  This 
assumption  led  to  the  stagnation  point 
varying  with  pitch  much  more  than  was 
likely  in  practice.  Nevertheless,  the 
program  provided  valuable  information  on 
the  likely  effects  of  cyclic  variations  in 
local  velocity  and  incidence,  and  spawned  a 
separate  computer  program  which  was 
efficient  for  rotor  calculations  in  the 
hover 

In  view  of  the  negligible  effects  of 
compressibility  on  water  droplet  impact,  of 
heat  conduction  within  the  blade,  and  of 
the  transient  effects,  RAE  developed  a  more 
user  friendly  ice  accretion  prediction 
program.  This  program  neglected  heat 
conduction  within  the  blade  and  assumed 
incompressible  flow  conditions.  In  fact  the 
latest  droplet  trajectory  program  and  the 
simplified  accretion  program  are  combined 

o 

into  a  single  program  called  TRAJICE2  . 
This  program  has  been  released  to  a  large 
proportion  of  the  UK  aerospace  industry  for 
calculations  on  both  fixed  and  rotary  wing 
aircraft.  The  application  of  this  program 
to  the  prediction  of  ice  accretion  on  fixed 
wing  aircraft  has  included  work  required 
for  certification. 

For  the  analysis  of  rotor  protection 
systems,  RAE  has  developed  both  one-  and 
two-dimensional  programs  to  predict  the 
transient  temperature  response  of  an 
electrically  heated  rotor  blade.  The  ID 
program  6  addresses  heat  flow  into  and  out 
of  the  blade  in  a  direction  normal  to  the 
aerofoil  surface  at  a  specified  chordwise 
position,  while  the  2D  program  models  a 
chordwise  section  of  the  rotor  blade.  Both 
programs  simulate  ice  accretion,  melting 
and  have  a  crude  simulation  of  ice 
shedding.  These  programs  have  been 
released  to  Westland  Helicopters  Limited 
and  are  currently  being  employed  in  the 
development  of  the  rotor  protection  system 
for  the  EH101  helicopter. 

The  final  area  of  modelling  addressed 
by  RAE,  which  is  the  topic  considered  in 
the  rest  of  this  paper,  is  that  of 
aerodynamic  performance.  RAE  is  currently 
developing  a  program  to  predict  the 
increase  in  drag  and  loss  of  lift  on  a 
two-dimensional  aerofoil  which  uses 


correlations  based  on  measured  performance 
data  rather  than  obtained  from  CFD 
prediction.  This  code  has  been  embedded  in 
an  existing  helicopter  performance  code  to 
predict  the  power  increase  due  to  ice 
accretion  on  the  main  rotor  of  a 
conventional  helicopter  without  rotor 
protection.  This  topic  is  discussed  in  more 
detail  later  in  this  paper. 

MEASUREMENTS  OF  DRAG  INCREASE  DUE  TO  ICING 

RAE  conducted  a  short  series  of  tests  ^ 
in  the  icing  wind  tunnel  operated  by  Lucas 
Aerospace  located  at  Artington,  near 
Guildford.  The  main  aim  of  the  testing  was 
to  compare  the  effect  of  rime,  glaze  and 
beak  type  ice  accretion  upon  the  drag 
coefficients  of  two  helicopter  rotor 
aerofoils.  No  balance  mechanism  was 
available  and  so  no  data  on  lift  or 
pitching  moment  coefficient  was  obtained. 

The  two  aerofoil  sections  selected  for 
the  tests  were,  NACA0012  representing  that 
used  on  the  older  generation  of  rotorcraft 
such  as  Wessex  and  Sea  King  helicopters, 
and  RAE9645  which  is  a  modern  cambered 
design  used  on  the  EH101  helicopter.  Both 
sections  have  a  thickness  to  chord  ratio  of 
12*. 

Figure  4  shows  the  experimental 
configuration  used  for  the  drag  coefficient 
measurements.  The  tests  employed  a  0.15  m 
(6  inch)  chord  model  mounted  downstream  of 
a  water  spray  rake.  With  the  0.3  m  (1  ft) 
square  test  section  used,  the  highest  Mr  oh 
number  available  for  test  was  0.4. 
Approximately  one  chord  length  downstream 
of  the  trailing  edge  was  situated  a 
traversing  wake  survey  pitot-static  probe 
which  could  be  parked  behind  a  shield  while 
the  icing  was  in  progress.  The  method 
adopted  was  to  establish  dry  air  conditions 
and  then  switch  on  the  spray  for  a 
specified  period;  maximum  two  minutes. 

After  the  icing  period  the  spray  would  be 
turned  off,  and  the  wake  survey  commenced 
immediately.  The  ice  shapes  were  then 
documented. 

To  minimise  the  amount  of  data  the 
tests  were  carried  out  only  at  Hach  0.4, 


and  the  temperature  and  cloud  liquid  water 
concentration  were  selected  to  produce  one 
example  each  of  rime,  glaze  and  beak  ice. 
Measurements  were  made  at  geometric 
incidences  of  0°,  4°  and  8°. 

Figures  5  and  6  show  the  rime  and  glaze 
ice  shapes  obtained  during  the  tests 
respectively.  The  rime  accretions  had  a 
maximum  thickness  of  about  0.02  x/c,  while 
the  glaze  accretions  had  a  maximum  horn 
thickness  of  about  0.05  x/c. 

The  wavy  line  aft  of  the  main  accretion  in 
the  glaze  ice  shapes  of  Figure  7, 
represents  the  approximate  size  and  extent 
of  rime  feather  ice  at  the  time  of 
recording.  Rime  feathers  are  localised 
three-dimensional  accretions  which  have  a 
surface  structure  which  resembles  that  of  a 
bird  feather.  The  detailed, 
three-dimensional,  features  of  rime  feather 
accretions  are  difficult  to  record 
accurately. 

Beak  ice  sheds  very  easily  and  it  was 
not  possible  to  retain  the  ice  long  enough 
to  allow  documentation,  hence  there  are  no 
details  of  the  beak  ice  profiles. 

In  order  to  reduce  the  number  of 
figures  presented  in  this  paper,  only  the 
experimental  data  obtained  for  the  RAE 
section  is  presented,  although  appropriate 
comparisons  with  the  NACA  section  data  are 
also  given. 

Figure  7  shows  a  comparison  between  the 
drag  coefficient  for  the  clean,  RAE9645 
aerofoil  measured  in  the  Artington  tests 
with  previously  measured  data  for  the 
aerofoil  obtained  in  a  conventional  wind 
tunnel.  The  agreement  is  good  despite  the 
high  turbulence  level  of  the  icing  tunnel. 

Figure  8  shows  the  measured  drag 
coefficient  for  the  RAE9645  section  with 
rime  ice  accretion.  The  results  are  plotted 
against  accretion  time,  and  three  curves 
are  shown  representing  the  three  geometric 
incidences  used  in  the  tests.  In  all  cases, 
the  drag  initially  increases  rapidly  and 
then  approaches  an  equilibrium  level.  This 
"levelling  off"  was  less  marked  for  the 
KACA  section.  The  levelling  off  of  the  drag 
coefficient  with  accretion  time  is 


consistent  with  flight  test  data  recorded 
during  helicopter  natural  icing  flight 
trials  which  has  shown  an  increase  in  and 
then  a  levelling  off  of  torque 
requirements. 

Figure  9  shows  the  same  data  as  Figure 
8,  re-plotted  against  incidence.  Note  here 
that  the  ice  appears  to  cause  a  change  in 
CDo  which  is  largely  independent  of 
incidence. 

Figure  10  shows  a  comparison  between 
the  two  aerofoils  with  rime  ice  accretion 
under  similar  lifting  conditions.  The  zero 
lift  incidence  of  the  RAE  section  is  about 
-2°.  Tne  data  for  1  and  1.5  minute  ice 
accretion  are  omitted  to  improve  clarity. 

The  data  of  Figure  10  suggests  to  a  rough 
first  order  approximation  that  the  two 
aerofoils  experience  similar  drag  increase 
for  similar  thickness  of  rime  ice 
accretion. 

Figure  11  shows  results  for  the 
variation  of  drag  coefficient  with  ice 
accretion  time  under  glaze  icing 
conditions.  The  trend  is  similar  to  that 
for  the  rime  ice  case  except  that  the 
magnitude  of  the  increase  in  the  drag 
coefficient  is  considerably  larger.  The 
increase  in  drag  was  typically  about  a  1002 
for  rime  ice  whereas  the  glaze  ice  data 
shows  increases  of  about  a  factor  of  4. 

The  tendency  for  the  drag  coefficient  to 
stabilise  at  a  higher  value  is  again 
indicated. 

Figure  12  shows  the  same  results  as 

Figure  11  re-plotted  against  incidence.  The 

variation  with  incidence  again  suggests  a 

shift  in  Cn  with  the  difference 
uo 

(iced-clean)  with  incidence  remaining 
fairly  constant. 

Figure  13  compares  the  drag 
coefficients  with  glaze  ice  accretion  for 
the  two  aerofoil  sections  under  similar 
lifting  conditions.  The  drag  coefficients 
are  similar  at  the  0.5  min  accretion 
period,  but  at  the  larger  icing  periods, 
the  NACA  section  appears  to  be  more 
severely  affected  than  the  RAE  section. 
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Figure  14  shovs  the  results  obtained 
for  beak  ice  on  the  RAE  section.  Soma 
difficulty  was  experienced  in  obtaining 
corresponding  trend  data  for  the  NACA 
section  in  the  time  Available  for  the  icing 
tunnel  tests.  The  trend  with  beak  ice 
accretion  appears  to  indicate  a  linear 
increase  in  drag  coefficient  with  tine,  up 
to  some  point  at  which  the  ice  sheds.  Note 
that  there  is  no  data  for  0°  incidence. 

This  case  was  not  attempted  since  it  was 
felt  that  there  would  be  insufficient 
suction  to  both  form  and  retain  the  beak 
ice.  The  end  points  of  the  two  curves  in 
Figure  14;  1.5  minutes  at  4°  and  2  mins  at 
8°  incidence,  represent  the  maximum  that 
could  be  achieved  in  the  icing  tunnel.  It 
was  found  that  the  ice  started  to  shed 
shortly  after  these  icing  times.  Note  that 
the  effect  of  the  beak  ice  was  to  produce 
an  increase  in  CDq  of  approximately  a 
factor  of  three  compared  to  the  baseline 
non-icing  condition. 

Based  on  the  data  gathered,  it  was  only 
possible  to  compare  the  drag 
characteristics  of  the  two  aerofoils  for 
the  one  minute  period  of  beak  ice 
accretion.  These  results  are  shown  in 
Figure  15  and  appear  to  indicate  that  the 
two  aerofoils  are  affected  to  similar 
degrees  by  beak  icing,  although  more  data 
is  required  to  confirm  this  conclusion. 

ICED  ROTOR  PERFORMANCE  PREDICTION 

The  final  topic  of  this  paper  addresses 
the  prediction  of  the  power  increase 
experienced  by  a  helicopter  rotor  due  to 
flight  in  icing  conditions.  The  program 
under  development  at  RAE  performs  the 
following  tasks  as  illustrated  in 
Figure  16.  The  first  step  is  to  calculate 
the  power  required  for  the  clean  aircraft 
given  the  necessary  aerodynamic  lift  and 
drag  coefficient  data.  It  is  assumed  that 
the  lift  slope  is  constant.  The  drag 
coefficient  is  expressed  as  a  function  of 
aerodynamic  incidence  over  a  range  of  Mach 
number.  The  power  required  calculation  for 
the  clean  aircraft  allows  the  mean 
incidence  to  be  calculated  at  each  of  the 
spanwise  stations  used  in  the  power 


calculation.  The  program  in  current  use 
considers  11  spanwise  stations.  For  each  of 
the  11  stations  a  routine  is  used  to 
calculate  the  type  of  ice,  the  ice 
thickness  at  the  stagnation  position,  or 
the  maximum  ice  thickness  on  the  upper 
surface  in  the  case  of  beak  ice.  The 
increment  to  the  lift  and  drag  coefficient 
is  then  estimated  using  correlations,  and 
the  degraded  aerofoil  characteristics  are 
fed  back  into  the  power  required  prediction 
program  to  obtain  a  solution  for  the  ice 
degraded  rotor.  A  comparison  with  the  power 
required  for  the  clean  aircraft  enables  the 
power  increase  to  be  determined. 

An  existing  helicopter  power  required 
prediction  code  has  been  used  which  is  a 
forerunner  of  that  described  in 
Reference  8.  The  program  calculates  the 
power  required  in  hover  or  forward  flight 
for  any  conventional,  main  rotor  /  tail 
rotor  helicopter.  The  program  is  based  on  a 
lifting  line  analysis  and  assumes  linear 
aerodynamics. 

A  correlation  for  drag  increase  due  to 
rime  and  beak  ice  accretion  was  obtained 
using  the  experimental  data  from  the  RAE 
tests.  For  the  reduction  in  lift 
coefficient  in  icing,  a  correlation  was 
obtained  based  on  the  data  reported  by 
Flemming  for  measurements  in  the  NRC 
tunnel.  The  correlation  is  crude  and  is. 
based  solely  on  the  thickness  of  ice  at  the 
stagnation  line  and  assumes  that  rime  ice 
forms.  While  the  effect  on  the  maximum  lift 
coefficient  can  be  significant  the  change 
in  the  lift  slope  appears  to  be  relatively 
small.  To  date  therefore,  the  reduction  in 
lift  coefficient  due  to  icing  represented 
in  the  program  is  small.  It  is  important  to 
remember  that  at  this  stage  it  is  not 
intended  to  predict  the  forward  flight 
envelope  of  the  helicopter  and  so  a 
knowledge  of  the  effect  of  icing  on  the 
maximum  lift  coefficient  is  not  required. 

At  present  only  icing  of  the  main  rotor  is 
considered.  Icing  effects  on  the  fuselage 
and  tail  rotor  are  neglected. 

The  RAE  correlation  for  glaze  ice  uses 

a  different  approach  to  that  used  by  other 
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Researchers  in  the  field  '  .  Figure  17 

shows  the  expected  variation  in  profile 
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drag  coefficient  with  ambient  temperature 

(or  freezing  fraction).  This  trend  has 
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been  recorded  by  Olsen  and  Flemming  . 

The  left  side  of  the  curve  represents  rime 

icing  under  cold  ambient  conditions.  As  the 

ambient  temperature  increases  (i.e. 

proceeding  from  left  to  the  right  of  the 

curve),  the  drag  coefficient  initially 

increases  up  to  some  maximum  value  as  glaze 

ice  forms.  Further  increases  in  ambient 

temperature,  corresponding  to  further 

reductions  in  freezing  fraction,  cause  the 

ice  to  Become  more  wet  and  of  reduced 

thickness  and  hence  reduced  drag  until  at 

some  point  only  beak  ice  accretion  forms. 

Still  further  increases  in  ambient 

temperature  will  eventually  produce  no 

icing  with  the  aerofoil  running  wet  but 

without  an  appreciable  increase  in  drag 

coefficient.  The  approach  adopted  by  RAE  to 

obtain  the  drag  increase  due  to  glaze  ice 

accretion  is  based  on  correlating  this  form 

of  the  drag  variation  with  freezing 

fraction.  The  approach  was  chosen  so  as  to 

complement  the  research  being  conducted  in 

the  USA. 

The  RAE  approach  is  intended  to 
establish  the  load  factor,  L,  which  is  the 
ratio  of  glaze  ice  drag  increase  to  the 
rime  ice  drag  increase.  The  load  factor 
can  be  unity,  greater  than  unity  or  zero. 
The  actual  value  is  at  present  assumed  to 
be  a  function  of  the  ice  thickness,  a 
maximum  enhancement  factor,  F,  and  a 
reference  freezing  fraction,  Nfr.  at  which 
the  highest  drag  coefficient  is  obtained. 

The  following  sections  compare 
predicted  results  with  available 
experimental  data  obtained  during  both 
flight  test  and  rig  experiments. 

In  Figures  18  and  19,  the  program  has 
been  used  to  predict  the  maximum, 
stabilised,  torque  increase  recorded  during 
natural  icing  flight  trials  for  two 
helicopters  with  unprotected  rotors.  In 
these  comparisons  the  cases  which  are  most 
likely  to  give  best  agreement  with  the 
program  have  been  selected  from  the  range 
of  measured  test  daia.  That  is,  considering 
only  the  first  encounter  with  icing,  so 
that  the  fuselage  and  rotor  are  not 
pre-iced  and  h.  >.  :e  enabling  art  accurate 


prediction  of  the  true  baseline  power 
required  for  the  clean  aircraft.  Cases  were 
also  chosen  which  had  the  highest  LWC; 
frequently  mean  LWC  values  of  0.1  g/m3  or 
less  are  reported  in  natural  icing  flight 
tests  on  helicopters.  With  values  below  0.1 
g/m3,  the  accuracy  of  the  LWC  measurement 
instrumentation  becomes  significant  as  are 
the  possible  effects  of  ice  sublimation. 

Figure  10  shows  the  measured  and 
predicted  power  increase  due  to  icing  on  a 
Puma  helicopter  with  unprotected  rotors  for 
18  cases  in  which  the  OAT  varied  from 
-0.8°C  down  to  -9.9°C.  As  ambient 
temperature  decreases  with  all  the  other 
ambient  conditions  fixed,  the  power 
required  in  icing  (or  torque  since  rotor 
speed  is  governed)  increases.  This  is 
because  the  spanwise  extent  of  the  ice 
increases  with  progressively  more  icing  on 
the  outboard  stations  of  the  rotor  as 
ambient  temperature  reduces.  In  Figure  18, 
there  is  a  band  of  data  close  to  zero  which 
is  not  predicted  well.  Subsequent 
preliminary  analysis  of  the  actual  traces 
showing  the  recorded  flight  test  data, 
showed  that  in  at  least  one  case  the  rotor 
torque  remained  constant  during  the 
encounter.  This  suggests  that  the  quoted 
torque  increase  was  attributable  tc  a 
different  source.  The  remaining  cases  in 
Figure  18  show  some  scatter  but  the  trend 
is  generally  good. 

Figure  19  shows  a  similar  comparison 
between  predicted  and  measured  power 
increase  for  a  Sea  King  helicopter  with 
unprotected  rotors.  There  are  fewer  cases, 
but  the  agreement  is  generally  goed,  with 
the  exception  of  the  cases  with  OAT  of  -6°C 
and  -7°C. 

Figures  20  to  22  show  comparisons 
between  prediction  and  test  for  the  data 
reported  in  Reference  12  for  a  model  main 
rotor  in  the  NASA  icing  research  tunnel. 
Figure  20  shows  comparisons  for  the  change 
in  torque  coefficient  with  icing  time  for 
four  ambient  temperature  conditions 
spanning  the  range  from  -30.5°C  to  -15.2°C. 
The  correlation  is  generally  good 
particularly  at  the  coldest  condition  when 
only  rime  ice  is  expected  to  form  on  the 
rotor.  As  the  OAT  increases  (less 
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negative),  the  program  predicts  slightly 
higher  values  for  torque  increase  than 
measured.  This  is  attributed  to  the 
increase  in  the  extant  of  glaze  ice  on  the 
rotor.  Note  that  at  present  tnere  is  no 
allowance  in  the  predictions  for  the 
effects  of  ice  shedding  which  could  reduce 
the  magnitude  of  the  predicted  torque 
increase. 

Figure  21  shows  similar  comparisons 
over  the  temperature  range  -15.2*^  to 
-3.7°C.  The  tendency  for  the  program  to 
predict  a  slightly  higher  value  for  the 
torque  increase  is  repeated.  Note  however, 
that  in  cases  (a)  and  (b)  of  Figure  21  the 
scale  maximum  on  the  vertical  axis  has  been 
reduced  by  a  factor  of  four  compared  to 
that  used  for  cases  (c)  and  (d).  The 
actual  torque  increase  in  the  former  cases 
is  therefore  small  and  the  difference 
between  prediction  and  measured  is  probably 
similar  to  the  accuracy  to  which  the  rotor 
could  be  flown  in  the  icing  wind  tunnel. 

The  final  set  of  comparisons  given  in 
Figure  22  show  the  effect  of  LUC  on  the 
torque  increase.  Five  cases  are  shown  with 
LUC  varying  from  0.34  g/m3  to  1.24  g/m3. 

The  correlation  is  generally  good  with  the 
program  predicting  slightly  higher  values 
for  torque  increase. 

Overall,  the  current  development 
standard  of  the  program  is  considered  to 
predict  well  the  trend  of  the  power 
increase  with  ambient  conditions.  Some 
differences  are  shown  between  predicted  and 
measured  power  which  it  is  hoped  can  be 
removed  or  at  least  reduced  by  further 
development  of  the  program. 


CONCLUSION 

RAE  has  developed  an  extensive  analysis 
capability  for  the  prediction  of 
two-dimensional  ice  accretions  and  the 
protection  of  aerofoils  against  icing.  As 
part  of  a  continuing  international 
collaborative  activity  with  the  United 
States  and  vith  France,  the  development  of 
a  3D  ice  accretion  code  is  being  considered 
as  an  activity  for  future  work.  RAE  is 
currently  developing  an  analysis  capability 


for  helicopter  performance  in  icing,  using 
the  correlation  approach  to  obtain  the  ice 
degraded  aerofoil  performance.  It  is  hoped 
that  it  will  not  be  too  long  before  the 
necessary  capability  is  developed  to  enable 
the  prediction  of  the  degraded  aerofoil 
section  characteristics  using  CFD  methods. 
This  represents  the  missing  link  preventing 
a  fully  theoretical  treatment  of  aircraft 
icing. 
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Figure  1.  Types  of  ice  accretion 
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Figure  2.  Icing  and  ice  protection  analysis  methodology 
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Figure  3.  Analyses  developed  at  RAE 


Figure  4.  Test  configuration 


Flgurr  5.  Rime  ice  accretion  profiles 


Figure  6.  Glaze  ice  accretion  profiles 


Accretion  time  ,  t  mins 

Figure  7.  Clean  aerofoil  drag  characteristics;  RAE9645 

Figure  8.  Effect  of  rime  ice  accretion  on  the  drag 
coefficient  of  the  RAE  9645  Aerofoil 
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Figure  13.  Comparison  of  drag  coefficients  for  similar 
lifting  conditions,  clean  and  with  glaze 
ice  accretion 


Figure  14.  Effect  of  beak  ice  accretion  on  the  drag 
coefficient  of  the  RAE  9645  Aerofoil 


Figure  15.  Comparison  of  drag  coefficients  for  similar 

lifting  conditions,  clean  and  after  1  minute  Figure  16.  Helicopter  iced  rotor  performance 
beak  ice  accretion  prediction  methodology 
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Figure  17.  Observed  variation  in  drag  coefficient  with 
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Figure  18.  Power  increase  due  to  icing  -  cold  rotor; 
Puma  HC  Mkl 
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Figure  19.  Power  increase  due  to  icing  -  cold  rotor; 
Sea  King  Mk2 
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Figure  20.  Torque  increase  due  to  icing;  Model  Rotor 
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SUMMARY 

A  wind  tunnel  investigation  has  assessed  the  effects  of  distributed  upper  surface  roughness,  and  leading  edge 
ice  formation  on  a  powered  wing  propeller  model. 

In  the  unpowered  state,  it  was  found  that  roughness  reduces  the  lift  slope,  and  maximum  lift  by  30  to  50  percent, 
depending  upon  particle  size  and  Reynolds  number.  The  leading  edge  region  is  especially  sensitive  to  these 
disturbances,  however  removal  of  the  roughness  over  a  small  portion  of  the  nose  restored  the  wing  to  close  to  its 
original  performance. 

The  application  of  power  to  the  wing,  with  an  increase  of  slipstream  dynamic  pressure  increases  the  lift  slope  and 
maximum  lift;  however  this  benefit  is  lost  if  the  wing  is  roughened.  Subtraction  of  the  propeller  reactions  indicated 
that  the  slipstream  interaction  accounted  for  half  trie  lift  increase,  and  also  resulted  in  reduced  drag  for  the  clean 
surface.  This  drag  reduction  was  removed  when  the  wing  was  roughened,  indicating  that  the  degradation  of  wing 
performance  due  to  roughening  is  relatively  greater  when  a  slipstream  is  present,  compared  to  the  unpowered  wing. 

Leading  edge  ice  accretion  causes  similar  large  losses  in  lift  and  increases  of  form  drag  although  a  comparison 
of  the  two  types  of  contamination  showed  that  leading  edge  ice  produces  a  smaller  reduction  of  lift  slope  prior  to  flow 
separation.  In  both  types  of  contamination,  Reynolds  number  is  important,  and  emphasizes  the  necessity  of  testing 
under  near  full-scale  conditions. 
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INTRODUCTION 

Recent  flying  accidents  resulting  from  adverse  weather  conditions  in  the  form  of  freezing  rain  or  snow,  have 
focussed  attention  on  the  degradation  of  aerodynamic  surfaces.  Investigations  of  the  effects  of  uniform  roughness  on 
airfoils  shows  clearly  that  stalling  is  premature,  loss  of  maximum  lift  can  be  as  high  as  50%,  (depending  on  Reynolds 
Number)  and  form  drag  reaches  very  high  levels  at  angles  of  attack  below  normal  clean  wing  stall. 

The  effect  of  upper  surface  roughness  on  complete  aircraft  configurations  is  less  well  known;  however  there  is  a 
long  history  of  aircraft  accidents  related  to  flight  in  icing  conditions,  and  several  recent  incidents  involving  swept-wing 
jet  aircraft  have  nighlighted  the  problem.  In  these  situations  it  was  observed  that  early  flow  separation  and  stalling 
was  a  characteristic  result  of  ice  and  snow  contaminants  on  the  wing.  Flow  breakdown  was  accompanied  not  only 
by  a  loss  of  lift  and  an  increase  of  drag,  but  also  wing-dropping  as  a  result  of  outer  panel  flow  separation  and  wing  tip 
stall  prior  to  inboard  wing  stall.  Experimental  data  on  simulated  upper  surface  contamination  on  a  swept-wing  model 
of  a  typical  jet-commuter  aircraft  have  confirmed  what  was  suspected  from  flight  experience,  and  have  also 
demonstrated  that  large  changes  of  trim  will  occur  on  the  full-scale  aircraft. 

Figure  (la)  from  ref.  (1)  shows,  for  various  two-dimensional  airfoil  configurations,  losses  in  maximum  lift  and 
reductions  the  angle  of  attack  for  maximum  lift  that  resu.t  from  simulated  hoar  frost  contamination.  Large  increases  of 
drag  also  occur,  and  are  attributed  to  form  drag  after  separation  and  stall.  Early  wind  tunnel  tests  on  the  effects  of 
upper  surface  roughness  on  maximum  lift  of  airfoils  is  also  reported  in  reference  (2),  for  conventional  airfoils.  This 
data  shows  that  the  loss  of  maximum  lift  is  criticaUy  dependent  on  Reynolds  Number,  and  also  roughness  particle 
size.  For  example  at  Reynolds  Number  greater  than  10  million  (typical  for  takeoff)  the  loss  in  maximum  lift 
approaches  50%  of  the  clean  airfoil  value.  In  comparison,  at  the  Reynolds  number  values  typical  of  low  speed  wind 
tunnel  testing  the  loss  of  maximum  lift  is  much  lower,  thus  highlighting  the  dangers  of  assessing  wing  contamination 
effects  at  other  than  full-scale  conditions.  There  is  little  or  no  corresponding  data  for  modern,  supercritical  airfoil  l 

shapes. 

Wing  drag  also  increases  as  a  result  of  surface  roughness.  This  is  due  to  an  increase  in  skin  friction  in 
unseparated  flow,  but  mainly  from  increases  in  form  drag  after  premature  separation  has  occurred.  If  the  roughness 
elements  protrude  above  the  laminar  sublayer  of  the  turbulent  boundary  layer  in  attached  flow,  the  result  is  an 
increase  of  skin  friction  and  the  producrion  of  more  turbulence.  Increasing  the  Reynolds  Number  aggravates  this 
effect  and  increases  the  probability  of  separation  particularly  around  the  nose,  since  the  sub-layer  will  be  thinner. 

This  would  presumably  explain  the  higher  losses  in  maximum  lift  incurred  at  high  Reynolds  number. 

If  the  roughness  height  is  large  in  comparison  to  the  laminar  sub-layer  (as  would  be  the  case  for  freezing  rain  or 
ice  accretion)  then  the  frontal  drag  of  these  elements  determines  the  average  tangential  force,  and  their  shape, 
orientation  and  distribution  become  important,  and  increased  turbulence  and  dissipation  in  the  thickened  boundary 
layer  will  lead  to  premature  flow  separation  and  stall. 

Propeller-driven  aircraft,  where  the  slipstream  passes  over  the  wing  surface,  are  thought  to  be  less  sensitive  to 
the  effects  of  upper  surface  contamination  compared  to  the  typical  swept-wing  configuration.  This  is  due  in  part  to 
the  effects  of  sweep,  that  reduce  the  wing  lift-slope,  compared  to  a  straight  wing;  and  the  effects  of  slipstream 
interaction,  that  augment  span  loading  locally,  increase  wing  lift  slope,  and  also  delay  flow  separation  at  high  angles 
of  attack.  Thus  the  rotation  angle  on  takeoff  of  a  straight  wing  propeller-driven  aircraft  is  likely  to  be  less  than  that  for 
an  equivalent  swept  wing  aircraft,  with  no  slipstream  interaction,  and  the  likelihood  of  a  premature  stall  may  not  arise. 

Notwithstanding  this  apparent  beneficial  comparison,  the  propeller-driven  aircraft  may  still  experience  significant 
losses  of  lift  and  large  increases  of  drag  if  premature  flow  separation  occurs  when  the  wing. upper  surface  is 
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contaminated.  Figure  1  b  from  Ref.  (1 )  for  the  Fokker  F-27  turboprop  transport  wind  tunnel  model  indicates  however, 
that  smaller  losses  in  maximum  lift  may  be  expected  from  a  contaminated  wing,  compared  with  the  airfoil  test  results 
of  Figure  (la).  The  corresponding  reduction  in  critical  angle  of  attack  is  also  small  and  in  some  cases  positive,  and 
was  attributed  to  a  significant  change  in  the  wing-slipstream  stall  pattern.  The  extent  to  which  the  slipstream  may 
remain  attached  to  the  wing  surface  is  unknown  but  its  influence  may  affect  the  overall  stall  pattern  even  when 
roughened  by  ice. 

In  view  of  the  unknown  nature  of  the  complex  interactions  of  wing  boundary  layer,  propeller  slipstream  and 
distributed  roughness,  and  the  lack  of  experimental  data,  it  was  decided  to  use  the  half-wing  propeller  model  of 
reference  (3)  to  obtain  some  preliminary  data  on  the  effects  of  upper  surface  roughness  in  a  slipstream  and  also  the 
effects  of  typical  in-flight  ice  accretipn  shapes  on  the  leading  edge.  The  utility  of  the  data  to  aircraft  design  or 
performance  estimation  will  be  limited;  the  model  configuration  is  not  typical  of  current  propeller  transport 
configurations,  and  the  test  Reynolds  Number  was  low  (Re  =  1.3  million). 

MODEL 

The  general  arrangement  of  the  rectangular,  unswept  half-wing  model  is  shown  in  figure  2.  The  wing,  having  a 
NACA  4415  airfoil  section,  was  untwisted  and  was  equipped  with  a  30  percent  chord  plain  flap  extending  along  the 
semi-span.  The  aspect  ratio  was  4.85.  A  nacelle  containing  a  20  hp  water-cooled  induction  motor  was  underslung 
on  the  wing  approximately  one  chord  length  above  the  floor.  The  four-bladed  propeller  was  located  70%  chord  in 
front  on  the  leading  edge  and  was  equipped  with  an  adjustable  pitch-setting  mechanism.  The  two  foot  diameter 
propeller  was  the  same  model  used  in  the  investigations  reported  in  references  (3)  and  (4).  In  these  reports  full 
aerodynamic  characteristics  of  the  isolated  propeller  and  also  the  interference  effects  of  this  wing  model  are 
reported.  The  relevant  geometry  of  the  propeller  is  listed  as  follows: 

Propeller 


Diameter  2.0  ft. 

No.  of  blades  4 

Solidity  0.127 

Blade  section  at  0.75R  65  Series  (design  Cl  =  0.7) 

The  complete  model  installation  Figure,  (2a),  (2b),  was  mounted  on  the  wind  tunnel  balanco  at  the  30%  chord 
location.  The  propeller  motor  was  supported  in  a  slender  nacelle  but  did  not  have  a  separate  thrust  or  normal  force 
balance  in  this  experiment.  Th9  wind  tunnel  balance  thus  measured  the  combined  effects  of  wing  and  propeller 
reactions. 

EXPERIMENTAL  PPOCEDURE 

The  wing  was  pitched  through  an  angle  of  attack  range  from  6  to  26  degrees.  A  complete  stall  and  flow 
breakdown  was  not  achieved  with  this  model  due  probably  to  the  effects  of  the  low  aspect  ratio,  Reynolds  number 
and  the  half-model  configuration.  Maximum  lift  was  achieved  however,  and  this  was  used  as  a  basis  of  comparison 
tor  the  effects  of  roughness.  Model  lift,  drag  and  pitching  moment  were  measured  on  the  wind  tunnel  balance. 
Pitching  moment  was  taken  about  the  30%  chord  location.  The  measured  forces  include  the  propeller  reaction 
comprised  of  thrust,  normal  force  and  pitching  moment.  The  test  Reynolds  Number  was  1 .3  million  (2.3  million  for  the 
unpowered  wing  only). 

Propeller  static  thrust  was  measured  on  the  wind  tunnel  balance  under  wind-off  conditions.  At  the  desired  test 
conditions  thrust  was  varied  by  adjusting  the  blade  pitch  settings  to  a  value  that  corresponded  approximately  to  the 
take  off  thrust  coefficient  of  a  typical  turbo-prop  aircraft.  Under  wind-on  conditions  at  a  dynamic  pressure  of  25  psf, 
and  a  propeller  rotational  speed  of  3000  rpm,  this  thrust  coefficient  Ctp  was  estimated  from  the  data  of  ref.  (5)  to 
have  a  value  of  0.1 15.  Propeller  thrust  and  normal  force  change  with  incidence,  and  the  variation  of  these  quantities, 
used  in  other  section  of  this  report,  were  also  determined  from  the  data  of  Ref.  (5). 

SIMULATED  ROUGHNESS 

Roughness,  in  the  form  of  a  uniform  distribution  of  carborundum  grit  was  applied  over  various  portions  of  the 
chord.  Three  grades  of  standard  grit  were  used:  150(.004l"),  80(.0083"),  46(.0165”).  These  correspond 
approximately  to  average  roughness  heights  of  .03",  .06",  and  .11"  respectively  on  a  full-scale  wing  of  10  ft.  chord. 
The  roughness  height/chord  ratios  for  this  test  were  0.000227,  .000461  and  .000916  respectively.  In  addition  a 
heavy  grade  (50  grit)  of  commercial  sandpaper  was  applied  to  the  wing  surface.  The  roughness  height  and 
concentration  of  this  application  was  considered  to  be  significantly  greater  than  the  standard  grit  particles  applied 
manually  to  the  wing  surface. 
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The  roughness  was  applied  initially  to  the  upper  surface  from  the  leading  edge  stagnation  region  to  the  flap 
hinge  line.  Since  only  the  forward  portion  of  the  chord  was  found  to  be  sensitive  however,  most  of  the  investigation 
was  performed  with  only  the  first  25-30%  of  the  chord  roughened  and  the  results  presented  in  this  report  are  for  30% 
coverage.  The  density  of  application  was  not  varied  or  determined  precisely. 

In  addition  to  distributed  roughness  application,  shapes  representing  rime  and  glaze  ice  accretions  were  applied 
to  the  wing  leading  edge.  The  shapes  were  similar  to  those  of  ref.  (6)  and  are  shown  in  Figure  (2c). 

PRESENTATION  OF  RESULTS 

Unpowered  Wing 

The  unpowered  wing  data  presents  the  effects  of  various  grit  sizes  (46,  80, 150)  deposited  on  the  upper  surface, 
and  also  a  heavy  grade  of  sandpaper  attached  to  the  upper  surface.  The  amount  of  coverage  along  the  chord 
corresponded  to  about  30%.  Tests  were  also  done  at  a  higher  Reynolds  number  (2.3  million),  for  the  unpowered 
wing  only. 

Figure  3  shows  the  behaviour  of  Cl,  Cd,  and  Cm  for  the  unpowered  wing  in  the  clean  and  contaminated  states  for 
standard  grit  sizes  at  the  test  Reynolds  number  of  1.3  million,  and  for  heavy  sandpaper  at  Re  =  2.3  million.  The  main 
effect  of  wing  contamination  is  a  reduction  of  lift  slope  and  maximum  lift  by  amounts  that  range  between  20  -  25%  for 
a  Reynolds  number  of  1 .3  x  106,  and  larger  losses  for  the  higher  Reynolds  number.  The  angle  of  attack  for  maximum 
lift  (clean)  was  20  degrees;  this  was  reduced  to  about  15  degrees  with  contamination  on  the  upper  surface. 

Drag  is  also  increased  at  angles  of  attack  below  stall,  and  large  increases  of  form  drag  occur  when  the  flow 
separates.  In  general  these  losses,  particularly  at  maximum  lift,  increase  with  particle  size,  with  the  highest  loss 
occurring  where  sandpaper  was  applied  to  the  wing  (Fig.  3a).  All  reductions  of  lift  increase  with  increasing  Reynolds 
number  as  Reference  (2)  points  out,  and  this  is  also  the  case  in  this  test.  The  effect  of  roughness  on  pitching 
moment  was  small  at  angles  of  attack  below  stall;  there  appears  to  be  a  slight  nose-up  shift  of  the  Cm  versus  a  curve, 
and  its  magnitude  increases  slightly  with  grit  size.  The  application  of  rough  sandpaper  at  the  high  reynolds  number 
increases  this  nose-up  shift  slightly. 

The  most  significant  parameters  appear  to  be  roughness  size  and  Reynolds  number,  however  it  was  observed 
that  when  a  small  portion  (15%)  of  the  leading  edge  was  cleaned  off,  wing  lift  and  drag  was  restored  to  close  to  its 
clean  performance,  however  moment  was  not  fully  restored. 

Powered  Wing 

With  the  blades  installed  and  set  to  the  angle  for  take-off  thrust,  the  propeller  was  operated  wind-on  at  an 
advance  ratio  of  1 .4.  This  was  much  higher  than  a  typical  takeoff  advance  ratio,  however  it  was  the  only  way  a  high 
thrust  coefficient  could  be  achieved  due  to  current  and  temperature  limitations  of  the  motor.  As  mentioned  before 
propeller  forces  were  not  measured  separately,  however  both  thrust  and  normal  force  were  inferred  from  the  isolated 
propeller  data  of  references  (3)  and  (5)  for  further  analysis  of  these  results. 

Figure  (4)  shows  the  effects  of  propeller  thrust  on  lift,  drag  and  pitching  moment  on  the  unpowered  clean  wing  at 
a  Reynolds  number  of  1 .3  million.  A  higher  Reynolds  number  test  condition  was  not  possible  in  the  powered  tests 
due  to  limitations  of  the  motor.  The  application  of  power  with  the  resulting  slipstream  interaction  results  in  an 
increase  of  both  the  lift  slope  and  the  maximum  lift  by  about  25%,  and  stalling  angle  is  increased  by  about  4 
degrees.  The  drag  polar  is  shifted  by  an  amount  that  corresponds  to  the  thrust  force  plus  a  leading  edge  thrust  on 
the  wing  due  to  increased  suction.  The  drag  equivalent  of  the  estimated  propeller  thrust  has  a  value  of  about  0.085, 
which,  when  subtracted  from  the  total  wing  force  at  zero  lift,  apparently  produces  a  negative  drag  or  thrust  on  the 
wing.  This  effect,  known  as  the  "Squire  Effect",  has  been  alluded  to  before  (Ref.  7),  and  .is  attributed  to  the  effects  of 
flow  rotation  i;t  the  slipstream. 

The  pitching  moment  shown  in  figure  (4c)  exhibits  an  increased  nose-up  tendency  due  to  the  effects  of  the 
propeller  and  slipstream  flow.  The  slope  of  the  pitching  moment  curve  vs  a  is  increased  with  the  application  of 
power  and  beyond  maximum  lift  there  is  a  large  nose-down  shift  of  the  pitching  moment.  The  large  change  in 
moment  is  attributed  mainly  to  the  propeller  normal  force  acting  about  the  wing  centre  of  rotation  (Figure  2). 

Effects  of  Roughness  -  Powered  Wing 

With  roughness  applied  to  the  wing  upper  surface  there  appears  to  be  a  loss  of  lift  slope  and  maximum  lift  of 
about  25  to  35%  depending  upon  roughness  element  size.  (Figure  (5)).  In  effect,  the  benefits  of  powered  lift. 
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resulting  from  slipstream  interaction,  is  lost.  Drag  aiso  increases  as  the  flow  separates  prematurely,  and  there  also  is 
an  increase  in  the  parasite  drag  at  zero  lift  due  to  roughness,  ana  increased  dynamic  pressure  in  the  slipstream.  The 
effect  of  roughness  on  wing  pitching  moment  is  small  at  angles  of  attack  beiow  stall,  (a<  10°)  but  the  moment 
becomes  more  nose  down  as  roughness  size  increases. 

The  application  of  the  heavy  sandpaper  roughness  further  deteriorated  the  wing  performance  under  power  at  the 
Reynolds  number  o?  1.3  million.  Maximum  lift  decreased  slightly,  as  did  the  lift  slope;  although  the  stall  was  not 
sharply  defined.  Drag  also  increased  near  zero  lift  but  the  pitching  moment  did  not  change  significantly,  although  the 
tendency  continued  to  be  nose-down. 

A  comparison  was  made  between  the  pcwered  and  unpowered  wing  drag  polars  to  show  the  relative  effects  of 
roughness  with  and  without  power  (Figure  6).  It  is  clear  from  these  graphs  that  roughness,  especially  when  it 
reaches  the  heavy  proportions  of  sandpaper  coverage,  has  a  much  more  adverse  effect  on  drag  of  the  powered  wing 
than  for  the  unpowered  wing  in  uniform  flow.  The  lift  curves  exhibit  about  the  same  degree  of  degradation  of 
performance  between  powered  and  unpowered  configurations.  The  pitching  moment  change  appears  to  be  smaller 
when  the  wing  is  powered  and  is  accompanied  by  an  increase  in  slope  (Cm  vs  alpha)  and  a  small  displacement  in 
the  nose  up  direction. 

In  order  to  sirulate  the  scrubbing  action  of  the  slipstream,  a  portion  of  the  roughness  was  removed  at  the 
propeller  location.  This  resulted  in  a  modest  improvemen;  of  performance. 


Wing-slipstream  characteristics 

In  order  to  separate  the  propeller  from  the  total  wing  forces,  and  to  compare  unpowered  wing  characteristics  with 
those  with  the  wing  immersea  in  a  slipstream,  the  isolated  propelier  data  were  estimated  from  Reference  (5)  and 
(Figure  7)  and  were  removed  from  the  wind  tunnel  balance  data  as  follows: 

Cl,  =  Cl  -  (2/J2)(d2/Sw)(Ctp  Sin  a  +  Cnp  Cos  a]  (1 ) 

CD.  =  CD  -  (2/J2)  (D2/Sw)  [CTp  Cos  a  -  CNp  Sin  a]  (2) 

Cm.  =  CM  -  (2/J2) (d^S*)^  (§)  +  CTp  |)  +  C* (§)]  (3) 

No  attempt  was  made  to  correct  the  propeller  data  for  the  blockage  and  upwash  effects  of  the  wing;  however  the 
comments  of  Ref  (8)  and  the  experimental  data  of  Ref  (4)  suggest  that  these  interactions  may  be  small. 

The  powered  cr  11  wing  characteristics  with  the  propeller  reactions  removed  are  shown  in  Figure  (8).  The  lift 
curve  lies  between  ♦  •  -owered  and  unpowered  curves,  suggesting  that  the  slipstream  interaction  contributes  about 
half  of  the  powered  lift  increment  to  maximum  lift,  and  lift-slope. 

The  drag  polar  (Figure  8)  indicates  significantly  less  drag  due  to  the  effects  of  the  slipstream  flow,  particularly  at 
low  values  of  Cl  (<  0.4),  and  near  zero  lift  the  wing  actually  produces  a  thrust.  This  has  been  attributed  to  the  effects 
of  slipstream  rotation  (Ref.  7).  with  ihe  wing  acting  as  a  flow  straighener.  This  result  should  probably  be  taken  with 
caution,  however,  since  no  direct  measurement  of  propeller  thrust  or  normal  force  was  available. 

There  appears  to  be  a  nose-down  change  in  pitching  moment  when  propeller  forces  are  removed,  since  neither 
thrust  or  normal  force  ere  contributing  (Figure  8c).  The  slipstream  interaction  evidently  produces  a  lesser  slope  of 
the  Cm  vs  a  curve,  and  more  nose-down  moment,  compared  with  the  unpowered  wing.  A  partial  explanation  of  this 
change  is  given  in  Reference  4,  and  is  attributed  to  changes  in  chordwise  pressure  distribution  over  the  region  of  the 
wing  covered  by  the  slipstream. 

Slipstream  Interaction  -  Roughness 

The  loss  of  performance  due  to  distributed  roughness  for  the  wing-slipstream  interaction,  appears  to  be 
somewhat  larger  than  that  for  the  unpowered  wing  in  steady  uniform  flow.  This  may  be  due  to  the  high  thrust 
coefficient  of  this  test,  and  the  resulting  augmentation  of  local  pressures  on  the  wing.  Figure  (9)  shows  lift  .drag  and 
moment  for  the  unpowered  wing  and  for  the  wing  immersed  in  a  slipstream.  Also  shown  is  a  shaded  boundary  that 
indicates  the  changes  in  drag  due  to  increasing  roughness  in  each  case.  The  shaded  areas  in  both  graphs 
represent  the  maximum  loss  incurred  by  distributed  roughness  of  varying  grit  size,  including  the  heavy  sand  paper 
application.  The  negative  drag  generated  on  the  wing  near  zero  lift  (Figure  9b)  is  all  but  removed  by  the  action  of  the 
contamination  on  the  nose  and  upper  surface  of  the  wing.  In  contrast  the  unpowered  wing  incurs  a  slightly  lower 
drag  loss  due  to  roughness.  At  a  lift  coefficient  CIs  of  about  .36,  the  net  drag  is  zero  on  the  clean  powered  wing.  For 
values  of  lift  greater  than  this,  drag  rises  rapidly,  and  eventually  exceeds  that  of  the  unpowered  wing  since  thrust  is 
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now  rio  longer  contributing  a  force  in  the  streamwise  direction  and  lift  is  reduced  by  the  amount  of  the  propeller 
normal  force  contribution.  The  effect  of  increasing  roughness  in  both  cases  increases  drag,  particularly  before  stall. 

The  propeller  contribution  to  pitching  moment  is  mostly  unstable  (i.e.  nose  up).  Therefore,  removal  of  the 
propeller  forces  makes  Cm  more  negative,  and  decreases  the  slope  of  the  Cm  vs  a  curve.  The  changes  to  pitching 
moment  are  relatively  smaller  when  roughness  is  applied  to  the  wing  (Figure  9)  compared  to  the  clean  condition. 
The  slipstream  interaction  on  the  clean  wing  results  in  a  slightly  more  stable  pitching  moment  curve  (Cms  vs  a) 
compared  with  the  unpowered  wing.  The  application  of  roughness  causes,  in  both  cases,  a  loss  of  stability  in  the 
pitching  moment  curves. 

Leading  edge  ice  accretion 

In  addition  to  uniform  roughness  on  the  wing  upper  surface,  tests  were  also  made  with  modifications  to  the 
leading  edge  that  represented  rime  and  glaze  ice  accretion  (Figure  2).  The  data  shown  in  Figure  (10)  for  the 
unpowered  wing  show  that  such  gross  changes  to  the  leading  edge  profile  cause  losses  of  maximum  lift  in  the  30  to 
50  percent  range.  Reynolds  number  is  important  and  a  further  reduction  of  maximum  lift  of  15  to  20%  will  occur 
when  reynolds  number  is  increased  to  2.3  million.  Similar  significant  changes  to  pitching  moment  also  arise  from 
these  leading  edge  shapes,  particularly  at  high  Reynolds  numbers. 

With  the  application  of  power,  lift  slope  and  maximum  lift  are  increased  but  the  wing  performance  is  well  below 
normal  and  the  drag  polars  indicate  high  drag  levels  at  all  liu  coefficients.  Figure  (11)  shows  a  comparison  between 
uniform  contamination  and  leading  edge  accretion  of  heavy  rime  ice,  for  the  drag  polars  and  pitching  moments  of  the 
ice-contaminated  wing  for  the  powered  configuration.  Leading  edge  ice  results  in  less  reduction  of  lift  slope  before 
stall,  but  a  larger  lift  loss  after  stall. 

Figure  (1  Id)  shows  the  effect  of  a  slipstream  interaction  on  the  wing  lift  and  drag  for  a  medium  and  heavy  leading 
edge  rime  accretion.  As  with  distributed  roughness,  leading  edge  ice  contamination  effectively  removes  the  benefits 
of  slipstream  flow  rotation. 


Chord  force  and  leading  edge  suction 

The  effective  performance  of  an  airfoil  or  wing  depends  on  the  production  of  negative  pressures  along  the 
leading  edge,  and  a  leading  edge  suction  force  that  ensures  that  ihe  aerodynamic  force  becomes  normal  to  the 
relative  wind.  The  determination  of  the  chord  force  coefficient  Cc  and  the  leading  edge  suction  coeffcient  Cs  indicate 
the  degree  to  which  lifting  efficiency  can  be  achieved. 

Cc  and  Cs  can  be  determined  from  experimental  data  as  follows: 


Cc  =  Cp  Cos  a  -  Cl  Sin  a  (4) 

and  for  small  angles 

Cs  =  CDo  -  Cc  (5) 

Cc  and  Cd  can  also  be  determined  from  the  parabolic  drag  polar  relationshipo  (Ref.  9).  Figure  12a  shows  the 
relationship  between  unpowered  wing  drag  Co  and  chord  force  Cc,  and  the  effects  of  distributed  roughness  on  both 
parameters,  for  the  unpowered  wing.  It  appears  that  roughness  has  a  relatively  larger  effect  on  drag  than  on  chord 
force. 

Corresponding  values  of  leading  edge  suction  coefficient  for  the  unpowered  wing  also  show  the  effects  of 
contamination.  Below  stall  Cs  is  not  greatly  diminished  by  contamination  aroun^  he  nose,  but  drops  suddenly 
beyond  maximum  lift. 

Figure  (12c)  shows  chord  force  vs.  lift  coefficient  for  the  powered  wing  with  leading  edge  ice  and  roughness,  and 
with  the  propeller  forces  removed.  The  accretion  of  ice  tends  to  lower  the  leading  edge  force  at  low  values  of  Cl*.  , 
but  distributed  roughness  appears  to  have  a  more  serious  effect  at  higher  lift  coefficients. 

CONCLUSIONS 

1)  The  main  effect  of  distributed  upper  surface  roughness  on  an  unpowered  wing  is  to  reduce  lift  slope  and 
maximum  lift  by  as  much  as  30  to  50  percent,  depending  upon  roughness  size,  Reynolds  number,  and  to  a  lesser 
extent,  coverage. 
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2)  The  magnitude  of  the  loss  of  maximum  lift  increases  with  roughness  size,  and  also  with  Reynolds  number 
and  testing  of  roughened  wings  should  be  done  at  as  high  a  Reynolds  number  as  possible. 

3)  Roughness  increases  the  parasite  drag  at  zero  lift  and  also  results  in  ?,  premature  stall  with  resulting  large 
increases  of  form  drag. 

4)  The  leading  edge  region  is  especially  sensitive  to  distributed  roughness  regardless  of  particle  size;  there  is 
a  significant  increase  in  drag  and  corresponding  decrease  of  leading  edge  suction  at  angles  of  attack  below  stall. 
Conversely,  removal  of  the  roughness  over  a  small  portion  of  the  nose  restores  the  wing  to  almost  clean 
performance. 

5)  If  the  wing  is  powered  and  clean,  the  slipstream  interaction  increases  lift  slope  and  maximum  lift  by  25 
percent,  for  thrust  coefficients  appropriate  to  the  take-off  condition.  If  roughness  is  applied,  maximum  lift  decreases 
by  more  than  25%,  thus  producing  a  lifting  performance  somewhat  below  the  unpowered  wing  in  the  clean  state. 
This  may  have  significance  in  the  event  of  an  engine  failure;  the  contaminated  wing  will  suffer  a  further  loss  in 
maximum  lift  in  the  unpowered  state. 

6)  An  attempt  was  made  to  isolate  the  slipstream  interaction  on  the  wing  by  subtracting  estimated  propeller 
forces.  When  comparing  the  performance  of  the  powered  and  unpowered  wings,  it  was  noted  that  roughness 
produced  slightly  higher  losses  on  the  wing  immersed  in  the  slipstream. 

7)  Loss  of  lift  due  to  an  accretion  of  rime  or  glaze  ice  on  the  leading  edge  of  the  wing  may  reach  as  high  as  50 
percent  even  when  the  wing  is  powered,  and  is  sensitive  to  Reynolds  number.  Loss  of  maximum  lift  is  greater  for 
heavy  rime  ice  than  for  heavy  distributed  roughness. 
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WING-ROUGHNESS-INDUCED  LOSS  OF  MAXIMUM  LIFT  AND  REDUCTION 
IN  ANGLE  OF  ATTACK  FOR  MAXIMUM  LIFT  (REF.  1) 
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COMPARISON  OF  LIFT  LOSS  AND  DRAG  RISE  FOR  AIRFOIL 
AND  PROPELLER-SLIPSTREAM  MODELS 
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FIGURE  8 


a)  LIFT 


REMOVAL  OF  PROPELLER  REACTIONS  FROM  THE  CLEAN, 
POWERED  WING,  CT  =  0.115,  Re  =  1.3  m 
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REMOVAL  OF  PROPELLER  REACTIONS  FROM  THE  CLEAN, 
POWERED  WING,  CT  =  0.115,  Re  =  1.3  m 
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FIGURE  9 


COMPARISON  OF  DRAG  LOSSES  DUE  TO  DISTRIBUTED 
ROUGHNESS,  OF  AN  UNPOWERED  WING  AND  A  POWERED 
WING  WITH  PROPELLER  REACTIONS  REMOVED. 
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SUMMARY 

Systematic  experimental  studies  have  bean 
carried  out  to  establish  the  aerodynamic 
impact  of  very  small  leading-edge  simulated 
ice  (roughness)  formations  on  lifting  sur¬ 
faces.  The  geometries  studied  include 
single  element  configurations  (airfoil  and 
3-D  tail)  as  well  as  multi-element  high- 
lift  airfoil  geometries.  Emphasis  in  these 
studies  was  placed  on  obtaining  results  at 
high  Reynolds  numbers  to  injure  the  appli¬ 
cability  of  the  findings  to  full-scale 
situations.  It  has  been  found  that  the 
well-known  Brumby  correlation  for  the 
adverse  lift  impact  of  discrete  roughness 
elements  at  the  leading  edge  is  not  appro¬ 
priate  for  cases  representative  of  initial 
ice  buildup  (i.e.  distributed  roughness). 
It  has  further  been  found  that  allowing 
initial  ice  formations  of  a  size  required 
for  removal  by  presently  proposed  de-icing 
systems  could  lead  to  maximum  lift  losses 
of  approximately  40  percent  for  single¬ 
element  airfoils.  Losses  in  angle-of- 
attack  margin  to  stall  are  equally 
substantial  -  as  high  as  6  degrees.  Per¬ 
centage  losses  for  multi-element  airfoils 
•••is  not  as  severe  as  for  single-element 
configurations,  but  degradations  of  the 
angle-of-attack-to-stall  margin  are  the 
same  for  both. 


a  angle-of-attack 

cp  pressure  coefficient 

k/c  ratio  of  roughness  height  to 

airfoil  chord 

M0  freestream  Mach  number 

%  ACimax  percent  loss  in  maximum  lift 

coefficient 


Rn  Reynolds  number  based  on  chord 

V"*/c  stretched  nondimensional 

coordinate 


x/c  nondimensional  coordinate 


1.  INTRODUCTION 

We  have  learned  from  observations  in  icing 
tunnels  that  the  initial  ice  accumulation 
on  the  leading  edge  of  airfoils,  partic¬ 
ularly  at  temperatures  just  below  freezing, 
looks  very  much  like  distributed  roughness, 


with  a  disturbance  height  nominally  equal 
to  the  thickness  of  the  ice  buildup.  For 
borne  years,  an  empirical  correlation  ori¬ 
ginally  assembled  by  Brumby1  has  been  used 
to  estimate  the  reductions  in  (lg)  maximum 
lift  capability  caused  by  this  leading-edge 
roughness,  and  therefore  to  set  limits  for 
the  amount  of  leading-edge  ice  buildup  (or 
residual)  that  might  Je  permitted  if  de¬ 
icing  systems  are  to  be  used  as  alterna¬ 
tives  to  the  widely  used  anti-icing  systems 
with  their  demanding  engine  bleed-air 
requirements.  Use  of  this  correlation 
(Figure  1)  implied  that  if  the  thickness 
(k/c)  of  the  ice  buildup  or  residual  was 
kept  below  6x10~5  for  installations  without 
auxiliary  leading-edge  devices,  or  below 
4x10““*  when  leading-edge  devices  are 
deployed,  then  the  reductions  in  (lg)  max¬ 
imum  lift  would  be  less  than  5  percent 
(about  2  percent  in  stall  speed).  While 
these  "allowable"  ice  buildups  were  quite 
small,  they  were  still  in  the  range  that 
was  thought  to  be  achievable  by  the  devel¬ 
opers  of  dfe-icing  systems,  particularly  for 
large  transport  aircraft. 


NONDIMENSIONAL  ROUGHNESS  HEIGHT,  k/c 

Figure  1.  Brumby  Correlation  for  Roughness 
Effects 


However,  test  results  obtained  in  19852  on 
a  single  element  airfoil  over  a  wide 
Reynolds  number  range  in  the  NASA  Langley 
Low  Turbulence  Pressure  Tunnel  (LTPT)5 
provided  an  initial  indication  that  usage 
of  the  Brumby  correlation  for  the  effects 
ol  leading  edge  roughness  significantly 
underestimated  the  loss  in  maximum  lift 
that  is  experienced  with  a  representative 
leading-edge  ice  buildup/residual 


(roughness).  As  can  be  seen  from  Figure 
2,  the  1985  test  results  for  a  k/c  of 
4x10-4  showed  that  the  actual  performance 
impact  is  closer  to  that  expected  when  the 
entire  upper  surface  is  roughened.  In 
fact,  the  loss  in  maximum  lift  (nearly  30 
percent)  was  about  three-quarters  of  that 
experienced  with  a  simulated  glaze  ice 
buildup  with  horns.  Cebeci4  (at  the 
California  State  University  at  Long  Beach) 
then  carried  out  a  computational  study  to 
estimate  the  effects  of  these  small  ice 
(roughness)  buildups  on  the  maximum  lift 
capabilities  of  single  element  airfoils  for 
a  range  of  roughness  heights.  These  cal¬ 
culations,  using  an  interactive  boundary- 
layer  method  wherein  the  turbulence  model 
was  modified  as  prescribed  by  Cebeci  and 
Chang5  to  account  for  roughness  effects, 
predicted  losses  in  maximum  lift  capability 
that  were  close  to  those  measured  in  the 
LTPT  at  the  same  roughness  height.  More 
importantly,  the  predicted  results,  also 
shown  in  Figure  2,  suggested  that  the  max¬ 
imum  lift  penalties  at  very  small  roughness 
heights  (k/c~4xl0-5)  were  very  substantial 
(~15%),  not  unlike  those  previously 
expected  for  having  the  entire  upper  sur¬ 
face  roughened. 
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Figure  2.  Initial  Challenges  to  Interpre¬ 
tation  of  Brumby  Roughness  Cor¬ 
relation  for  Single-!;  lemon t 
Ai rfoi Is 


As  a  qonsequence  of  these  two  new  inputs, 
which  clearly  suggested  that  the  adverse 
effects  of  very  small  ice  (roughness) 
buildups  on  the  leading  edge  of  a  single¬ 
element  wing  or  tail  could  be  significantly 
greater  than  previously  estimated,  Douglas 
Aircraft  and  NASA  Langley  Research  Center 
expanded  an  ongoing  cooperative  test  pro¬ 
gram  in  the  LTPT  in  order  to  identify  rep¬ 
resentative  penalties  over  a  range  of  small 
roughness  heights  for  both  single-  and 
multi-element  airfoil  configurations. 
Additional  tests  with  very  small  roughness 
heights  on  a  3-D  tail  configuration  were 
also  carried  out  by  Douglas  in  the  ONERA 
F-l  facility  to  help  assess  the  2-D  LTPT 
results.  The  objective  of  this  paper  is 
to  demonstrate,  by  interpreting  the  subject 
test  results,  that  there  is  no  such  thing 
as  just  a  little  bit  of  ice  buildup  on  a 
wing  or  tail,  m  particular,,  with  respect 
to  de-icing  applications.  Analyses  of  the 
test  data  are  presented  which  illustrate 
significant  degradations  in  stall  speeds 


and  angle-of-attack  margins  for  even  the 
smallest  amount  of  leading-edge  ice 
buildup. 

2.  LTPT  TEST  FACILITY 

Nearly  all  the  experimental  results  pre¬ 
sented  in  this  paper  were  obtained  from 
tests  conducted  in  the  Langley  Low  Turbu¬ 
lence  Pressure  Tunnel  (LTPT).  The  LTPT  is 
a  single-return,  closed-throat  wind  tunnel 
that  can  be  operated  at  tunnel  total  pres¬ 
sures  from  near-vacuum  to  10  atm5.  A  sketch 
of  the  tunnel  circuit  arrangement  is  shown 
in  Figure  3.  The  tunnel  test  section  is  3 
feet  wide,  7.5  feet  high,  and  7.5  feet 
long,  which,  when  combined  with  a  17.6-to-l 
contraction  ratio,  makes  the  LTPT  ideally 
suited  for  two-dimensional  airfoil  testing. 
The  tunnel  can  obtain  a  maximum  Reynolds 
number  of  15  X  106  per  foot  at  a  Mach  number 
of  0.24,  although  most  of  the  testing 
reported  here  was  conducted  at  a  Mach 
number  of  0.20  with  Reynolds  numbers  of 
10  X  106  per  foot  or  less  as  indicated. 


cooling  coils 


Figure  3.  Sketch  of  the  Langley  Low- 

Turbulence  Pressure  Tunnel  (LTPT) 


To  ensure  spanwise  uniformity  of  the  flow 
field  when  testing  high-lift  airfoils  at 
and  below  maximum  lift  coefficients,  some 
form  of  tunnel  sidewall  boundary-layer 
control  (BLC)  is  needed.  The  large  adverse 
pressure  gradients  induced  on  the  tunnel 
sidewalls  by  multi-element  high-lift 
airfoils,  particularly  near  maximum  lift, 
can  cause  the  sidewall  boundary  layer  to 
separate  with  a  corresponding  loss  of 
spanwise  uniformity  of  the  flow  on  the 
airfoil  surfaces,  and  even  lead  to  tunnel 
operating  difficulties  (surging,  etc.). 

In  order  to  provide  adequate  sidewall 
boundary- layer  control  for  high  performance 
high  lift  designs,  a  passive 
suction/venting  system  was  developed  and 
installed  in  the  LTPT  for  this  ongoing 
cooperative  test  program.  This  system 
consists  of  eight  porous  regions  on  each 
endplate  through  which  the  sidewall 
boundary  layer  is  removed.  The  total 
porous  area  provided  is  illustrated  in 
Figure  4.  The  suction/venting  process  is 
driven  by  the  h  gher-than-atmosphere  test 
section  total  pressure,  and  the  appropriate 
sidewall  venting  area  for  each  type  of 
configuration  was  developed  by  simply 
taping  off  portions  of  the  porous  endplate 
surfaces  on  both  sidewalls.  Selection  of 
the  proper  pattern  was  based  on  an  exam¬ 
ination  of  spanwise  pressure  variations  at 
several  chordwise  location. 

3.  MODEL  GEOMETRIES 

The  two-dimensional  high-lift  model  used 
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Figure  4.  Sidewall  Sue tion/Ven ting  Area 

for  this  investigation  of  leading-edge 
roughness  effects  in  the  LTPT  was  an  aft- 
loaded-type  airfoil  equipped  with  a 
leading-edge  slat  and  a  two-segment  flap. 
The  cruise  airfoil  chord  was  22  inches,  and 
the  maximum  thickness-chord  ratio  was  11.55 
percent.  Leading-edge  slat,  forward  flap 
segment,  and  aft-flap  elements  have 
respective  chords  of  14.48,  20.93,  and 
14.03  percent  of  the  (ur extended)  cruise 
chord.  The  high-lift  configuration  with 
slat  and  two-segment  flap  deflected  was 
instrumented  with  142  centerline  chordwise 
surface  pressure  taps  which  are  used  to 
etermine  the  individual  component  and 
total  configuration  lift  and  pitching 
moment  characteristics.  Five  spanwise  rows 
of  10  taps  each  were  also  provided. 
Leading-edge  roughness  effects  at  high-lift 
conditions  were  measured  for  a  represen¬ 
tative  approach/landing  configuration,  with 
slat  and  flap  deflections  of  30°,  35°.  and  15°. 
respectively.  Optimized  slat-  and  main- 
element-flap  riggings  (gaps  and  overhangs) 
were  used  for  this  portion  of  the  study. 

The  three-dimensional  horizontal  tail  model 
that  was  tested  in  the  ONERA  F-l  facility, 
and  used  to  validate  the  two-dimensional 
single-element  airfoil  roughness  effects 
obtained  in  the  LTPT,  did  not  have  aft- 
loaded  airfoils.  This  configuration,  which 
was  mounted  on  top  of  a  swer*-  vertical 
tail,  had  an  average  maximum  thickness- 
chord  ratio  of  11.37  percent,  quarter-chord 
sweep  angle  of  33°,  aspect  ratio  of  5,  and 
taper  ratio  equal  to  0.33. 

4.  SINGLE  ELEMENT  AIRFOIL/TAIL  TEST 
RESULTS 

In  order  to  establish  a  sound  basis  for  the 
experimental  portion  of  this  investigation, 
a  water  impingement  analysis  was  performed 
for  the  single-element  airfoil  configura¬ 
tion  to  be  tested  in  the  LTPT  to  determine 
where  to  place  the  roughness  elements  to 
realistically  simulate  the  effects  of  an 
initial  ice  buildup.  The  method  employed, 
the  Douglas  Viscous  Neumann  (DACVINE)  panel 
method4,  is  capable  of  predicting  the 
impingement  of  water  droplets  onto  any 
desire^  surface  by  means  of  a  particle 
trajectory  and  impingement  calculation. 

The  calculation  takes  into  account  the 
flowfield  (multiple  bodies),  gravity,  and 
the  drag  force  on  each  particle,  and  is 
deemed  appropriate  to  simulate  the  initial 
stages  of  ice  accretion  for  the  purpose  of 
producing  a  realistic  impingement  pattern. 
Based  on  this  study,  for  a  range  of  condi¬ 
tions,  it  was  determined  that  the  pattern 
used  in  the  1985  LTPT  test',  which  covered 


the  entire  leading  edge  from  6-percent 
chord  on  the  upper  surface  to  7.5-percent 
chord  on  the  lower  surface,  was  represen¬ 
tative.  Hence,  the  same  pattern  was 
selected  for  the  current  investigation  in 
order  to  provide  a  basis  for  comparison. 
Incidentally,  a  post-test  analysis  using 
the  modified  LEWICE  method’  confirmed  the 
validity  of  this  choice. 

Several  roughness  heights  .were  applied  to 
the  leading  edge  of  the  aft-loaded  single¬ 
element  airfoil  in  the  LTPT  to  simulate 
either  the  initial  ice  buildup  which  would 
occur  in  ah  icing  encounter,  or  the  resi¬ 
dual  which  might  remain  after  a  de-icing 
system  cycle.  The  roughness  sizes 
(heights)  used  were  0.0016,  0.0045,  and 
0.0117  inches,  which  resulted  in  non- 
dimensional  roughness  heights  (k/c)  of 
0.00007,  0.0002,  and  0.00053,  respectively. 
Carborundum  grit  was  used  for  the  largest, 
while  Ballotini  beads  were  utilized  for  the 
smaller  two.  Tests  were  conducted  for  an 
angle-of-attack  range  through  stall  for 
each  roughness  height,  as  well  as  the  clean 
airfoil,  at  0.20  Mach  number  for  chord 
Reynolds  numbers  from  2.5  X  10°  to 
18  X  10°.  The  resultant  percentage  loss 
in  maximum  lift  capability  for  this 
Reynolds  number  variation  is  presented  in 
Figure  5.  It  can  be  seen  that  even  the 
smallest  roughness  height  caused  a 
20-percent  loss  in  maximum  lift  capability 
for  chord  Reynolds  numbers  of  5  X  10°  and 
above.  The  results  obtained  at  a  chord 
Reynolds  number  of  2.5  X  10°  are  clearly 
not  representative  especially  for  the 
smallest  roughness  height.  The  re. son  tor 
this  non-representative  behavior  at 
2.5  X  10°  Reynolds  number  is  addressed 
subsequently  in  this  section. 


CHORD  REYNOLDS  NUMRER.  *.<*  Id*) 


Figure  5.  Reynolds  Number  Effect  on  Maximum 
Lift  Loss  Due  to  Leading-Edge 
Roughness  on  Single  Element 
Airfoi 1 


The  measured  reduction  in  maximum  lift 
capability  at  chord  Reynolds  numbers  of 
5  X  10*  and  above  is  compared  in  Figure  6 
to  the  Brumby  correlation  1  and  the  1985 
LTPT  test  results  J.  It  can  be  seen  that 
the  present  results  are  consistent  with  the 
previous  LTPT  measurements,  and  validate 
the  trend  predicted  by  Cebeci4  indicating 
the  Brumby  correlation  for  the  entire  upper 
surface  roughened  is  clearly  more  repre¬ 
sent;  cive  of  the  effect  of  the  typical 
initial  leading-edge  ice  (roughness) 
buildup  than  the  correlation  based  on  more 
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discrete  leading-edge  roughness  elements, 
particularly  for  the  smaller  roughness 
heights.  This  behavior  can  probably  be 
attributed  to  the  failure  of  the  boundary 
layer  to  negotiate  the  very  large  adverse 
pressure  gradient  that  exists  just  aft  of 
the  leading  edge  that  leads  to  flow  break¬ 
down  and  consequent  earlier  stall.  The 
reduction  in  sustainable  leading-edge  peak 
pressure  with  increasing  roughness  height 
that  was  observed  at  9  X  10*  Reynolds 
number  is  illustrated  in  Figure  7.  Whereas 
a  peak  suction  pressure  coefficient  of  -13 
can  be  sustained  prior  to  stall  on  the 
clean  airfoil,  -8  is  the  best  that  can  be 
done  with  even  the  smallest  roughness 
height.  As  can  be  seen  from  Figure  7,  and 
also  as  illustrated  with  the  analogous  lift 
curves  shown  in  Figure  8,  the  corresponding 
reduction  in  angle-of-attack  margin  to 
stall  with  the  smallest  roughness  is  over 
3°,  and  increases  to  about  5°  for  the  largest 
size  tested. 
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Figure  8.  Effeot  of  Leading-Edge  Roughness 
on  Single-Element  Airfoil  Lift 
Charaoteristios 
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Figure  6.  Leading  Edge  Roughness  Effects 
on  Single  Element  Airfoils  in 
LTPT 
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Figure  7.  Effect  of  Leading-Edge  Roughness 
on  Peak  Auction  Pressure  for 
Single  Element  Airfoil 

As  indicated  earlier,  too-low  test  Reynolds 
numbers  can  lead  to  erroneous  indications 
of  the  reductions  in  maximum  lift  capa¬ 
bility  incurred  with  leading-edge  ice 
(roughness)  buildups.  Results  obtained  in 
the  present  test  program  at  a  chord 
Reynolds  number  of  2.5  X  10s  provide  an 
example  of  how  this  occurs.  The  erroneous 
trei  d  arises  since  the  maximum  lift 


without  roughness  is  a  strong  function  of 
Reynolds  number  whereas  the  maximum  lift 
with  roughness  is  not.  This  is  illustrated 
in  Figure  9  by  the  comparison  of  the  lift 
curves  for  the  clean  airfoil,  and  with  the 
smallest  roughness  applied,  at  chord 
Reynolds  numbers  of  2.5  X  10°  and  5  X  10*. 
The  maximum  lifts  with  roughness  applied 
are  nearly  identical  for  the  two  test 
Reynolds  numbers,  but  the  maximum  lift  at 
2.5  X  10‘  Reynolds  number  on  the  clean 
airfoil  is  substantially  lower  due  to  the 
existence  of  a  leading-edge  laminar  sepa¬ 
ration  bubble  that  is  not  present  at  the 
higher  Reynolds  number.  The  existence  of 
the  laminar  bubble  at  the  lower  Reynolds 
number  is  indicated  by  the  bulge  in  the 
chordwise  pressure  distribution  seen  just 
aft  of  the  suction  peak  in  Figure  10. 
Several  attempts  were  made  to  eliminate 
this  laminar  bubble  by  fixing  transition 
ahead  of  the  bubble  location,  a  technique 
reported  to  have  been  successfully  used  by 
others  in  avoiding  the  non-representative 
adverse  consequences  of  having  a  bubble 
present.  However,  none  of  these  attempts 
were  successful  in  increasing  the  clean 
airfoil  maximum  lift  capability  at  this 
Reynolds  number.  Hence,  extreme  caution 
must  be  exercised  when  planning  or  inter¬ 
preting  results  for  any  low  Reynolds  number 
tests  for  leading-edge  ice  (roughness) 
buildup  effects. 


Figure  9.  Reynolds  Number  Effects  on 
Single-Element  Airfoil  Lift 
Characteristics  With  and  Without 
Leading-Edge  Roughness 
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Figure  10.  Indicated  Laminar  Separation 


Bubble  on  Clean  Single-Element 
Airfoil  at  Chord  Reynolds  Number 
of  2.S  X  106 


Figure  11.  Comparison  of  Tho-  and  Three- 
Dimensional  Test  Results  for 
Effect  of  Roughness  on  Maximum 
Lift  Characteristics  of  Single 
Element  Configurations 


With  any  two-dimensional  tunnel  tests 
involving  leading-edge  flow  separation 
characteristics,  regardless  of  the  test 
Reynolds  number,  there  is  always  some  con¬ 
cern  regarding  the  direct  applicability  of 
the  results  to  the  real  three-dimensional 
flow  situations  that  exist  on  practical 
airplanes.  To  address  this  concern, 
several  roughness  heights  were  applied  to 
the  leading-edge  region  of  a  three- 
dimensional,  single-element  horizontal  tail 
configuration  that  was  being  evaluated  in 
the  ONERA  F-l  facility.  The  roughness 
sizes  used  resulted  in  non-dimensional 
roughness  heights  (k/c)  of  0.00004, 

0.00036,  and  0.00105,  based  on  the  tail 
MAC.  The  roughness  heights  covered  the 
leading  edge  from  1.5-percent  chord  on  the 
suction  surface  to  2.5-percent  chord  on  the 
pressure  surface,  a  smaller  coverage  than 
used  in  the  LTPT  investigation.  Test  con¬ 
ditions  were  0.134  Mach  number,  and  a  MAC 
Reynolds  number  of  6.2  X  10‘.  The  corre¬ 
sponding  percentage  losses  in  maximum  lift 
capability  observed  in  \.he3e  tests  are 
compared  to  the  LTPT  ro.ults  in  Figure  11, 
where  it  can  be  seen  that  the  three- 
dimensional  results  at  the  lowest  roughness 
height  are  consistent  with  the  two- 
dimensional  results,  at  the  two  larger 
roughness  sizes,  the  three-dimensional 
results  are  a  bit  mere  pessimistic.  How¬ 
ever,  taken  together,  the  two  sets  of  data 
strongly  suggest  that  the  Brumby  corre¬ 
lation  based  on  having  the  entire  upper 
surface  roughened  is  a  good  indicator  of 
the  losses  in  maximum  lift  capability  that 
will  be  incurred  due  to  the  initial  ice 
buildups  on  wings  and  tails  that  do  not 
have  leading  edge  devices  deployed. 

A  comparison  of  the  indicated  reduction  in 
angle-of-attack  margin  to  stall  for  the  two 
sets  of  test  results  is  Bhown  in  Figure  12. 
The  reductions  vary  from  a  minimum  of  3°  at 
the  lower  roughness  heights  to  around  7°  at 
the  higher  roughness  heights,  with  the 
three-dimensional  results  clearly  being 
more  adverse  at  the  larger  roughness 
heights.  These  reductions  need  to  be 
addressed  when  considering  the  adequacy  of 
stall  warning  systems  when  anti-icing  pro¬ 
tection  is  not  provided. 


Figure  12.  Comparison  of  Two-  and  Three- 
Dimensional  Test  Results  fo« 
Loss  in  Angl e-of -At tack  Margin 
to  Stall  Due  to  Leading-Edge 
Roughness  on  Single  Element 
configurations. 


5 .  MULTI-ELEMENT  AIRFOIL  TEST  RESULTS 

To  expand  upon  the  study  of  leading-edge 
ice  (roughness)  buildup  effects  on  single¬ 
element  airfoils  in  the  LTPT,  a  complemen¬ 
tary  investigation  was  undertaken  to 
quantify  the  degradation  of  the  maximum 
lift  characteristics  of  a  four-element 
(including  two-segment  flap)  high-lift 
airfoil  configuration  resulting  from  sim¬ 
ilar  small  ice  (roughness)  buildups  on  the 
leading-edge  slat  at  approach  conditions. 
As  was  done  with  the  single-element 
airfoil,  a  water  impingement  analysis  was 
carried  out  to  determine  where  the  dis¬ 
tributed  roughness  should  be  placed  on  the 
slat.  Typical  results  from  this  water 
impingement  analysis  are  illustrated  in 
Figure  13  for  an  approach  condition.  On 
the  basis  of  the  impingement  analysis,  the 
principal  area  covered  was  the  initial 
4.5-percent  (unextended  airfoil)  chord  on 
both  the  upper  and  lower  surfaces  of  the 
slat.  A  photograph  of  the  roughness 


i 
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installation  is  shown  in  Figure  14.  In 
order  to  correlate  the  sensitivity  of  the 
maximum  lift  losses  to  the  extent  of  the 
area  covered  with  roughness,  an  additional 
configuration  with  the  entire  upper  surface 
of  the  slat  covered  was  also  evaluated. 


angle-of-attack  margin  to  stall  are 
remarkably  similar. 


Figure  IS.  Effects  of  Roughness  on 
Leading-Edge  Slat 


Figure  13.  Analysis  of  Hater  Impingement 
on  Slat 


Figure  14.  Roughness  Applied  on  Slat 


Tests  of  the  four-element  high-lift  con¬ 
figuration,  first  without  simulated  ice, 
and  then  with  the  same  three  roughness 
sizes  as  used  in  the  single-element  study, 
were  conducted  at  a  freestream  Mach  number 
of  0.20,  and  at  (unextended)  chord  Reynolds 
numbers  of  5  X  104,  9  X  104,  and  16  X  104. 
The  resultant  degradations  in  maximum  lift 
capability  (for  the  roughness  coverage  to 
4.5-percent  chord)  as  a  function  of  the 
non-dimensional  roughness  height  (k/c;  are 
shown  in  Figure  15  for  the  intermediate 
Reynolds  number,  compared  to  the  Brumby 
estimate1  for  configurations  with  slats 
extended.  The  observed  (percentage) 
losses,  which,  incider ' ally,  are  relatively 
insensitive  to  Reynolds  number  variations 
over  the  range  tested,  are  much  lower  than 
those  seen  on  single-element  airfoils.  The 
losses  in  maximum  lift  capability  range 
from  about  5  percent  at  the  smallest 
roughness  to  just  over  10  percent  at  the 
largest,  compared  to  looses  of  from  20 
percent  to  over  30  percent  for  the  single¬ 
element  cases.  However,  as  will  be  seen 
subsequently,  the  actual  reductions  in 


The  impact  of  roughness  on  the  slat  on  the 
total  (four  element)  configuration  lift 
characteristics  is  illustrated  in  Figure 
16.  In  addition,  the  impact  on  the  indi¬ 
vidual  contributions  of  the  slat  and  main 
airfoil  element  (behind  the  slat)  is  shown. 
It  is  the  main  element  that  is  losing  the 
lift  that  leads  to  the  reduction  in  maximum 
lift  capability,  most  likely  due  to  the 
influence  of  a  larger  wake  from  the  slat. 
Examination  of  the  leading-edge  peak 
suction  pressures  on  both  the  slat  and  main 
element  (see  Figure  17)  for  these  cases 
with  roughness  on  the  slat  clearly  shows 
that  there  is  an  alteration  of  the  flow 
pattern  around  the  leading  edge  of  the  main 
element  concurrent  with  the  flow  breakdown 
on  the  slat. 


Figure  16.  Effects  of  Slat  Roughness  on 

Four-Element  Airfoil  Lift  Char¬ 
acteristics 


As  indicated  previously,  the  roughness 
coverage  area  with  the  smallest  roughness 
height  (k/c  =  0.00007)  was  also  extended 
to  cover  the  entire  upper  surface  of  the 
slat  to  determine  the  sensitivity  of  the 
measured  losses  in  maximum  lift  to  the 
extent  of  the  roughened  area.  The  measured 
lift  characteristics  for  the  two  coverage 
patterns  are  shown  in  Figure  18  compared 
to  the  clean  configuration.  It  can  be  seen 
that  there  is  very  little  difference  in  the 
measured  maximum  lift  characteristics  for 
the  two  roughness  coverage  areas.  What  is 
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ANCLE  OF  ATTACK,  a  (DEGREES) 

Figure  17.  Effects  of  Slat  Roughness  on 
Peak  Suction  Pressures  for 
Multielement  Airfoil 

clearly  dominant  in  controlling  the  flow 
breakdown  on  the  slat  is  having  over  the 
region  of  adverse  pressure  gradient  just 
aft  of  the  roughness  elements  suction  peak. 
Extending  the  roughness  coverage  further 
aft  is  inconsequential. 

m.  -  o.io 


ANCI.K  OF  A'lTACK.  a  (DEGREES) 

Figure  18.  Effects  of  Slat  Roughness  Cov¬ 
erage  on  Four-Element  Airfoil 
Total  lift  Characteristics 


A  most  interesting  correlation  is  observed 
when  comparing  the  indicated  reductions  in 
angle-of-attack  margin  to  stall  due  to  the 
ice  (roughness)  buildup  for  this  multi¬ 
element  high-lift  airfoil  case  to  the  same 
data  for  the  single- element  airfoil  cases. 
It  can  be  seen  from  Figure  19  that  they  are 
all  essentially  coincident.  Hence,  this 


correlation  provides  a  relatively  quick  way 
to  assess  the  maximum  lift  penalties 
incurred  for  a  leading-edge  ice  (roughness) 
buildup  on  any  representative  wing  or  tail 
configuration.  It  also  provides  the 
information  needed  to  check  on  the  adequacy 
of  stall  warning  systems  when  anti-icing 
protection  is  not  provided. 


NONDIMENSIONAL  ROUGHNESS  IIFICII  l\  k/c 


Figure  19.  Correlation  of  Single-Element 
and  Multi -Element  Airfoil  Test 
Results  for  Loss  in  Angle-of- 
Attaok  Margin  to  Stall  Due  to 
Leading-Edge  Roughness 


PRACTICAL  CONSIDERATIONS 


It  is  clear  that  potential  applications  of 
de-icing  systems  (in  lieu  of  anti-icing 
systems)  for  wings  and  tails  of  new  trans¬ 
port  aircraft  need  to  be  carefully  reas¬ 
sessed  in  light  of  the  present  test 
results.  The  identified  reductions  in 
maximum  lift  capability  on  configurations 
without  leading-edge  devices  extended  are 
very  large,  even  for  extremely  small 
leading-edge  ice  (roughness)  buildups.  For 
example,  roughness  heights  of  around  0.005 
inch  would  result  in  reductions  in  the 
maximum-lift  capability  of  20  percent  at 
the  critical  spanwise  stations  on  the  wing 
or  tail  of  a  representative  200-seat 
transport.  Obviously,  the  concern  is  even 
greater  for  smaller  aircraft.  Increasing 
the  leading-edge  roughness  size  to  at  least 
0.03  inch,  perhaps  the  minimum  ice  buildup 
that  can  be  reliably  eliminated  by  a  de¬ 
icing  system,  would  result  in  losses  in 
maximum  lift  capability  of  up  to  40  percent 
for  the  200-seat  aircraft.  If  the  wing  or 
tail  surface  areas  for  a  particular  con¬ 
figuration  are  sized  by  maximum  lift  capa¬ 
bility,  then  corresponding  increases  in 
surface  areas  would  be  required,  with  all 
the  attendant  performance  penalties  (drag, 
weight,  etc.). 


Lower  percentage  losses  in  maximum- lift 
capability  due  to  leading-edge  ice  buildups 
are  experienced  if  the  ice  buildup  occurs 
on  an  extended/deflected  leading-edge 
device  such  as  a  slat.  The  maximum-lift 
penalty  for  the  0.03  inch  ice  buildup  on  a 
slat  would  be  about  10  percent  at  typical 
landing  flap  settings.  However,  the  pen¬ 
alty  could  well  be  near  20  percent  on  the 
wing  for  lower  takeoff  flap  settings,  or 
for  a  tail  (without  deflected  flaps). 

Again,  these  penalties  would  all  be 
increased  for  smaller  aircraft.  The  cor¬ 
relation  for  reductions  in  angle-of-attack 
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margin  to  stall  as  a  function  of  the  non- 
dimensional  roughness  buildup  as  presented 
in  Figure  19  should  permit  a  representative 
assessment  of  reductions  in  maximum  lift 
capability  for  any  relatively  conventional 
configuration.  However,  if  a  leading-edge 
device  is  to  be  deployed  to  reduce  the 
maximum  lift  penalties  due  to  an  initial 
ice  accumulation,  then  the  impact  of  the 
extra  drag  incurred  whenever  operating  in 
icing  conditions  must  be  taken  into 
account. 

In  addition  to  the  reductions  in  maximum 
lift  capability  that  would  be  incurred  on 
any  aerodynamic  surface  using  a  de-icing 
system  for  ice  protection,  there  are  a 
myriad  of  related  practical  issues  that 
need  to  be  addressed.  Specifically,  there 
are  likely  certification  issues  such  as 
determination  of  the  most  critical  spanwise 
regions  on  a  wing  or  tail,  identification 
of  a  most  adverse  roughness  configuration 
over  the  range  of  icing  conditions  that 
might  be  encountered,  definition  of  the 
most  adverse  residual  (after  a  de-icing 
system  cycle)  roughness  configuration  with 
subsequent  additional  buildup  (until  the 
next  cycle),  etc.  These  are  all  formidable 
issuas,  with  a  large  associated  risk  in 
terms  of  potential  performance  penalties. 

7.  CONCLUSIONS 

A  systematic  experimental  investigation  has 
been  carried  out  to  establish  the 
reductions  in  maximum  lift  capability  that 
would  be  incurred  by  both  single-element 
and  multi-element  aerodynamic  surfaces 
(airfoil,  wings,  tails,  etc.)  due  to  the 
initial  leading-edge  ice  (roughness) 
buildup  that  would  occur  if  de-icing  sys¬ 
tems  are  employed.  Emphasis  in  this  study 
was  placed  on  obtaining  results  at  high 
Reynolds  numbers  in  order  to  assure  the 
reliability  of  the  finding.  Analysis  of 
the  results  from  this  investigation  has  led 
to  the  following  conclusions: 

1.  Use  of  the  "Brumby"  correlation  for  the 
impact  of  discrete  roughness  elements 
at  the  leading  edge  of  single-element 
configurations  to  estimate  maximum  lift 
losses  is  overly  optimistic  for  the 
representative  initial  ice  (roughness) 
buildups  that  occur.  However,  the  cor¬ 
relation  for  the  entire  upper  surface 
roughened,  which  predicts  much  greater 
losses,  is  a  good  indicator  of  the 
losses  observed  experimentally. 

2.  Losses  in  maximum-lift  capability  of  40 
percent  are  indicated  on  single-element 
configurations  for  the  typical  minimum 
initial  ice  buildups  that  can  be  removed 
with  de-icing  systems  being  studied 
presently. 

3.  The  authenticity  of  maximum-lift  losses 
observed  in  two-dimensional  tests  at 
chord  Reynolds  numbers  of  5  X  10*  and 
above  has  been  verified  by  three- 
dimensional  test  results.  However, 
two-dimensional  test  results  obtained 
at  lower  Reynolds  ambers  are  mis¬ 
leading. 


buildup  occurs  on  an  extended/deflected 
leading-edge  device  such  as  a  slat. 
Losses  of  from  10-  to  20-percent  are 
indicated,  dependent  upon  whether 
trailing-edge  flaps  are  deployed  or  not. 

5.  A  correlation  of  the  reduction  in 

angle-of-attack  margin  to  stall  due  to 
leading-edge  ice  buildup  has  been 
established  which  allows  the  assessment 
of  likely  losses  in  maximum-lift  capa¬ 
bility  for  any  relatively  conventional 
configuration.  Reductions  in  angle-of- 
attack  margin  of  6  degrees  are  indicated 
for  the  typical  minimum  initial  ice 
buildups  (k/c  ~  0.0005)  that  could 
(possibly)  be  removed  by  de-icing  sys- 
tams  on  a  representative  200-seat 
transport . 
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4.  Lower  percentage  losses  in  maximum-lift 
capability  due  to  leading-edge  ice 
buildups  are  experienced  if  the  ice 
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SUMMARY 


This  paper  reviews  how  contamination  resulting  from  ice,  snow  or  frost  accumulated  during  ground  icing, 
degrades  the  Fokker  50  aircraft  aerodynamics  and  leads  to  reduced  flight  safety  during  take-off. 


List  of  symbols  and  Abrreviations 

a°  angle  of  attack  (alpha) 

c  wing  chord 

C0  coefficient  of  drag 

CL  coefficient  of  lift 

CAS  calibrated  air  speed 

OE  elevator  deflection 

A  increase/decrease  (delta) 

FAA  Federal  Aviation  Administration 

FAR  Federal  Aviation  Regulations 

FFA  Flygtekniska  Forsoks  Anstalten 
k/c  relative  roughness  height 

kt  knot 

LST  Low  Speed  Tunnel 

mac  mean  aerodynamic  chord 

RN  Reynoldsnumber 

Vj  take-oft  safety  speed 

V,  rotation  speed 

W  clean  wing 

WF  wing  with  trailing  edge  flaps  extended 

WFS  wing  with  leading  and  trailing  edge  flaps  extended 


1.0  INTRODUCTION 


In  December  1982,  following  a  number  of  accidents  involving  ground  icing,  the  US  Federal  Aviation 
Administration  (FAA)  re-circulated  its  Advisory  Circular  AC  20-117  on  the  subject.  The  purpose  of  AC  20-117 
is  to  emphasize  the  'clean  aircraft  concept'  following  ground  operations  in  conditions  conductive  to  icing. 
It  also  provides  information  to  assist  in  compliance  with  the  requirements  of  the  circular. 

The  wording  of  AC  20-117  (Figure  1)  confirms  that  the  regulations  on  the  icing  hazards  as  established  by  the 
US  Civil  Aeronautics  Board  in  1950  and  cited  under  FARs  121.629,  91.209  and  135.227,  remain  unaffected. 
Regrettably  however,  accidents  involving  ground  icing  have  continued  to  occur  since  re-publication  of  the 
circular  (Table  1). 

Windtunnel  tests  were  performed  to  investigate  the  degradation  of  the  low-speed  aerodynamic  characteristics 
of  the  Fokker  50  when  the  wings  were  contaminated  by  hoar-frost.  The  hoar-frost  was  simulated  by  means  of 
carborundum  grit  on  the  wing  upper  surface. 

The  windtunnel  test  results  were  used  to  investigate  the  degradation  in  performance  and  handling  qualities 
of  the  aircraft  during  take-off.  The  investigations  were  done  on  a  fixed  base  engineering  simulator. 

This  present  paper  reviews  how  contamination  resulting  from  ice,  snow  or  frost  accumulated  during  ground 
icing,  degrades  the  Fokker  50  aircraft  aerodynamics  and  leads  to  reduced  flight  safety  during  take-off. 
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2.0  Windtunnel  tests 


2.1  FFA  Windtunnel  tests 


A  wind  tunnel  investigation  of  simulated  hoar  frost  on  a  two-dimensional  wing  section  was  carried  out  in  the 
early  1970s  by  Bjorn  L.G.  Ljungstrom  of  the  Aeronautical  Research  Institute  of  Sweden  (FFA).1"  The 
investigation  was  unique  in  that  it  comprised  tests  with  differing  levels  and  degrees  of  roughness  on  the  same 
basic  wing  section  at  representative  take-off  configurations.  The  model  configurations  considered  (Figure  2) 
consisted  of  a  wing  alone  (W),  a  wing  with  trailing  edge  flap  extended  (WF),  and  a  wing  with  leading  and 
trailing  edge  flaps  extended  (WFS).  The  RN  was  2.6  million,  based  on  the  wing  chord. 

The  airfoil  selected  was  a  NACA  652  A215  section.  Abrasive  paper  of  three  particle  sizes  was  used  to  simulate 
the  hoar  frost.  The  profile  shape  and  density  of  the  coarsest  paper  was  k/c  =  80  x  lO-8.  At  full  scale,  this 
roughness  level  corresponded  to  a  particle  size  of  2.0  mm  for  a  chord  of  2.50  m  (i.e.  comparable  with  the  mac 
of  the  Fokker  50). 

A  roughness  coverage  of  '100%'  was  defined  as  corresponding  to  the  practical  situation  of  a  parked  aircraft 
with  high  lift  devices  retracted  and  its  complete  wing  upper  surface  and  a  significant  part  of  the  lower 
surface  at  the  leading  edge  covered  with  frost  contamination  from  ground  icing.  By  extending  the  leading  edge 
and/or  trailing  edge  flap,  a  portion  of  the  main  wing  and/or  trailing  edge  flap  remains  clean  (Figure  3). 

Test  results  from  this  investigation  have  been  used  here  to  compare  the  effects  of  leading  edge  and/or 
trailing  edge  flap  deflection  on  the  aerodynamics  of  a  contaminated  wing  section. 

Test  results  are  presented  in  Figure  4. 

Severe  losses  in  maximum  lift  and  large  reductions  in  angle  of  attack  for  maximum  lift  were  measured. 

Roughness  of  this  level  and  coverage,  representative  of  hoar  frost  formation,  increased  the  boundary  layer 
over  the  upper  surface  in  such  a  way  that  the  wing  section  was  physically  'de-cambered* . 

This  resulted  in  loss  of  lift  and  increase  in  drag  for  a  given  angle  of  attack.  Degradation  in  lift  and  drag 
does  not  therefore  occur  solely  at  the  angle  of  attack  for  maximum  lift. 

The  test  results  clearly  demonstrated  that  between  slatted  and  non-slatted  wing  configurations,  there  is  no 
difference  in  aerodynamic  degradation  due  to  hoar  frost  roughness. 


2.2  Fokker  Windtunnel  tests 


Fokker  Aircraft  performed  power-off  windtunnel  tests  on  a  •'vnplete  model  of  the  F27  (scale  1:20)  with 
roughness  over  the  complete  wing  upper  surface,  simulating  frost  contamination  due  to  ground  icing. 

The  F27  model  was  tested  in  the  1.80  x  1.25  m*  low  speed  test  facility  (LST)  at  Delft  University  of 
Technology.  The  RN  based  on  the  mac  was  0.9  million. 

The  model  was  tested  without  horizontal  tail.  Three  take-off  flapsettings  were  tested,  flaps  IN,  flaps  8  and 
flaps  16  deg. 

Two  roughness  configurations  were  tested  indicated  100%  and  85%.  Configuration  100%  consisted  of  carborundum 
80  distributed  uniformely  from  0%  to  100%  wing  chord  over  the  flaps  up  wing  upper  surface. 

In  configuration  85%  the  carborundum  80  was  distributed  uniformely  from  15%  to  100%  wing  chord  on  the  wing 
upper  surface.  The  roughness  was  applied  at  a  high  density. 

The  configurations  are  shown  in  figure  5. 

Carborundum  80  corresponds  to  a  roughness  level  k/c  =  137  *  lO*  which  was  a  coarser  roughness  than 
k/c  =  80  *  lO8  as  used  in  the  FFA  tests.  When  corrected  for  Reynoldsnumber  effect  on  boundary  layer  thickness 
using  a  RN"°  relation,  the  carborundum  80  on  the  F27  model  corresponded  to  a  roughness  height  of  k  =  2.2  mm 
at  full  scale. 

Measurements  without  roughness  were  also  carried  out  for  reference  purposes.  The  test  data  are  expressed  in 
terms  of  increments  with  respect  to  the  relevant  clean  (reference)  configuration. 

Results  are  presented  in  figure  6. 

The  model  test  results  showed  that  while  the  loss  in  maximum  lift  compared  well  with  the  FFA  test  results, 
the  reduction  in  angle  of  attack  for  maximum  lift  did  not.  In  fact  a  small  increase  in  maximum  lift  angle  of 
attack  was  measured  on  the  F27  model. 

The  latter  condition  was  most  probably  caused  by  a  change  in  wing  stall  behaviour  at  this  low  Reynoldsnumber. 
Normally  for  a  clean  wing,  a  combined  leading  and  trailing  edge  type  of  stall  starts  in  the  vicinity  of  the 
engine  nacelle  and  progresses  gradually  inboard  and  outboard. 

In  contrast  to  this,  for  the  roughened  wing,  a  pure  trailing  edge  type  of  stall  occurs  simultaneously  over 
the  entire  wing  span. 
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Wings  are  normally  designed  so  as  to  ensure  that  stalling  commences  at  an  inboard  wing  station.  This  is  in 
order  to  retain  lateral  control  for  as  long  as  possible  and  to  have  favorable  pitching  moment  characteristics 
throughout  the  stall.  The  results  of  the  previously-mentioned  wind  tunnel  tests  revealed  that  model  roughness 
simulating  ice,  frost  and  snow  accumulation  over  the  entire  wing  span,  seriously  jeopardizes  such  design 
features.  When  the  roughness  accumulation  is  distributed  unsymmetrically  over  the  wing  span,  early  stall  of 
one  wing  may  occur,  resulting  in  severe  wing-drop  at  lift-off. 

The  losses  in  lift  during  ground  roll  and  at  climb  conditions  also  compared  well  with  the  FFA  test  data. 

It  should  be  noted  that  the  drag  increments  of  the  F27  model  cannot  be  directly  compared  with  the  FFA  results 
because  the  reference  ‘clean  drag'  of  the  model  consists  not  only  of  wing  drag  but  also  of  drag  contributions 
from  the  fuselage,  nacelles  and  vertical  stabilizer. 

From  the  windtunnel  tests  it  is  concluded  that  a  roughness  coverage  of  100%  representative  of  hoar  frost 
contamination  considerably  deteriorates  the  aerodynamic  characteristics  of  the  Fokker  50  aircraft. 

The  tests  also  showed  that  cleaning  the  leading  edge  ar'e  up  to  15%  wing  chord  will  not  restore  the  clean  wing 
lift  and  drag  characteristics. 


3.0  Simulator  investigation 


To  study  the  effects  of  hoar  frosted  wings  on  the  performance  and  flight  handling  characteristics  during  take¬ 
off  a  simulator  investigation  was  performed. 

The  results  of  the  Fokker  wind  tunnel  tests  were  introduced  into  the  aerodynamic  data  base  of  the  Fokker  50 
for  further  investigation  on  the  Fokker  Aircraft  fixed-base  engineering  flight  simulator. 

The  aerodynamic  data  base  is  very  detailed  and  comprises  flight-test-updated  data  packages. 

The  changes  in  lift-,  drag  and  pitching  moment  coefficients  due  to  roughness,  as  measured  on  the  F27  model, 
were  directly  applicable  for  the  Fokker  50  study  as  wing  planform  and  sections  of  both  aircraft  are  the  same. 

Simulated  frost  was  applied  only  to  the  wing  upper  surface,  because  the  most  significant  aerodynamic  effects 
would  result  from  frost  contamination  on  the  wing's  upper  surface.  During  take-off  the  horizontal  stabilizer's 
lower  surface  is  critical.  Normally  the  lower  surface  would  be  frost  free. 

The  simulator  study  comprised  a  series  of  take-off's  at  sea  level  ISA-20°C  conditions  on  a  dry  runway. 
Normal  take-off  technique  with  both  engines  operative  was  used.  The  take-off  weight  was  20,000  kg  and  the 
center  of  gravity  was  set  at  30%  mean  aerodynamic  chord.  Two  flap  positions,  flaps  IN  and  flaps  15  were 
investigated.  Normal  (clean  wing)  speed  schedules  were  applied,  resulting  in  V,  of  116  and  102  kt  CAS  for  flaps 
IN  and  flaps  15  respectively.  It  is  noted  that  on  the  aircraft  flaps  15  is  used  to  indicate  a  flap  deflection 
of  16  deg. 

The  simulator  tests  were  done  in  two  sessions. 

In  the  first  session  the  take-off's  were  performed  off-line  which  means  without  pilot  in  the  loop. 

Rotation  was  initiated  by  a  commanded  elevator  deflection  resulting  in  a  constant  pitch  rate  towards  8  deg 
pitch  attitude.  Results  are  presented  in  figures  7,  8  and  9. 

Both  the  100%  and  the  85%  contamination  have  a  deteriorating  effect  on  the  aircraft  behaviour  at  rotation. 

The  pitch  rate  in  a  normal  rotation  is  about  3  deg/sec.  With  a  contaminated  wing  the  (peak)  elevator  input 
to  initiate  a  3  deg/sec  rotation  is  considerably  larger  compared  to  the  clean  wing  configuration. 

The  (nose  down)  pitching  moment  due  to  the  frost  contamination  requires  a  fair  amount  of  (negative)  elevator 
deflection  at  lift-off  to  maintain  constant  pitch  attitude. 


The  tests  show  a  large  increase  in  take-off  distance  from  brake  release  until  35  ft  screen  height. 

With  100%  contaminated  wings  take-off  distance  is  increased  by  40%  with  flaps  IN  and  by  80%  with  flaps  15, 
the  largest  Fokker  50  take-off  setting. 

Ground  roll  distance  until  rotation  was  hardly  affected  however.  The  increase  in  take-off  distance  is  found 
between  initiation  of  rotation  until  35  ft  height. 

It  was  observed  that  after  the  aircraft  with  contaminated  wings  was  rotated  to  8  deg  pitch  it  remained  on  the 
runway  until  accelerated  to  a  higher  speed  at  which  it  eventually  lifted-off. 

As  a  consequence  the  leak  angle  of  attack  in  the  rotation  increased  to  8  deg  with  frost  contaminated  wings. 

In  the  second  session  the  take-offs  were  performed  with  a  pilot  in  control.  After  lift-off  flight  director 
is  followed  which  commands  the  aircraft  towards  a  pitch  attitude  of  about  8  deg  belonging  to  an  airspeed  of 
V,  +  10  kts.  For  flaps  15  results  are  shown  in  figure  10. 

The  pilot  confirmed  that  the  deteriorating  effect  of  frost  contaminated  wings  on  the  aircraft  behaviour  will 
not  be  noticed  ahead  of  reaching  rotation  speed.  At  rotation  however,  the  changes  in  moment  equilibrium  in 
pitch  due  to  the  frost  contamination  results  in  a  slow  pitch  response  to  elevator  input.  Extreme  stickforces 
are  required  for  a  rotation  to  8  deg  pitch  attitude.  After  lift-off  the  aircraft  is  in  a  mistrim  condition 
which  requires  very  large  pull  forces. 

No  improvement  in  take-off  performance  or  handling  characteristics  was  found  by  using  smaller  flapsettings, 
or  by  increasing  V„  by  10  kts  or  reducing  the  pitch  rate  at  rotation.  The  stickforces  needed  for  rotation 
remained  extreme. 
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Finally  a  take-off  was  simulated  with  100%  contamination  on  the  LH  wing  with  the  RH  wing  clean,  being  the  most 
hazardous  asymmetric  condition. 

In  the  take-off  heading  could  be  maintained  by  rudder  deflection.  However,  immediately  after  lift-off  full 
aileron  deflection  could  not  prevent  the  aircraft  from  rolling  to  13  deg  bank. 

From  the  second  session  it  was  concluded  that  in  the  case  of  a  take-off  with  frost  contaminated  w’nos  the 
large  stickforces  would  compel  the  pilot  to  abort  the  take-off. 


4.0  Conclusions 


Simulator  tests  were  performed  to  investigate  the  effect  of  frost  contamination  from  ground  icing  on  the 
performance  and  flight  handling  characteristics  of  the  Fokker  50  during  take-off. 

From  the  tests  it  is  concluded  that  wing  contamination  due  to  ground  frost  seriously  deteriorates  the  aircraft 
behaviour  in  take-off  leading  to  reduced  flight  safety. 

The  pitch  response  to  elevator  input  is  slow.  Extreme  stickforces  are  required  for  rotation. 

After  lift-off  the  aircraft  is  in  a  mistrim  condition  which  requires  very  large  pull  forces. 

A  large  increase  in  take-off  distance  is  experienced. 

No  improvement  was  found  from  cleaning  the  wing  leading  edge  only  or  by  increasing  rotation  speed. 

The  results  clearly  demonstrates  the  importance  of  Advisory  Circular  AC  20-117  emphasizing  the  'clean  aircraft 
concept'  under  adverse  weather  conditions  before  take-off. 
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DATE 

AIRLINE 

LOCATION 

ACFT  TYPE 

PRECIPITATION/OBSERVATIONS 

27  DEC  68 

OZARK 

SIOUX  CITY 

DC-9-10 

'LIGHT  FREEZING  DRIZZLE- 

26  JAN  74 

THY 

CUMAOVAS, 

TURKEY 

F28 

PROBABLE  CAUSE:  'FROST  ACCRETION  ON 
THE  WINGS' 

03  JAN  77 

JAL 

ANCHORAGE 

DC-8-62 

"FOG" 

27  NOV  78 

TWA 

NEWARK 

DC-9-10 

“BLOWING  RAIN  AND  SNOW" 

12  FEB  79 

ALLEGHENY 

CLARKSBURG 

NORD262 

-LIGHT  SNOW”  FROZEN  SNOW  PHOTO¬ 
GRAPHED  ON  EMPENAGE  AFTER  ACCIDENT 

18  FEB  80 

REDCOTE 

BOSTON 

BRISTOL  253 

"LIGHT  SNOW" 

13  JAN  82 

AIR  FLORIDA 

WASH.D.C. 

737 

"MOL  ATE-TO-HEAVY  SNOWFALL" 

05  FEB  85 

AIRBORNE 

PHILADELPHIA 

DC-9-10 

"LIGHT  FREEZING  RAIN,  ICE  AND  SNOW 
PELLETS,  FOG" 

12  DEC  85 

ARROW  AIR 

GANDER 

DC-8-63 

"LIGHT  FREEZING  DRIZZLE,  SNOW  GRAINS' 

15  NOV  87 

CONTINENTAL 

DENVER 

DC-9-10 

-MODERATE  SNOW,  FOG' 

03  MAR  89 

AIR  ONTARIO 

DRYDEN 

F28 

"STEADY  SNOW" 

Table  i  SOME  TAKEOFF  ACCIDENTS  WHERE  WING  UPPER 
SURFACE  ICE  CONTAMINATION  IS  CONSIDERED 
TO  BE  A  CONTRIBUTING  FACTOR 
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Subject:  HAZARDS  FOLLOWING  GROUND  D#te  «««  *pNot  20-117 

DEICING  AND  GROUND  OPERATIONS  ,"l‘U,td  bj,:  AWS-100  C"*"** 

IN  CONDITIONS  CONDUCIVE  TO 
AIRCRAFT  ICING 


1.  PURPOSE.  Tb  emphasize  the  "Clean  Aircraft  Concept"  following  ground 
operations  in  conditions  conducive  to  aircraft  icing  and  to  provide  information 
to  assist  in  oonpliance. 


t 


2.  REDATED  FEDERAL  AVIATION  REGULATIONS  (FAR)  SECTIONS.  Sections  121.629, 
91.209,  and  135.22?. 


§  121.929  Operation  in  Icing  condition*. 

(a)  No  person  may  dispatch  or  re¬ 
lease  an  aircraft,  continue  to  operate 
an  aircraft  en  route,  or  land  an  alr- 
cr>.:t  when  In  the  opinion  of  the  pilot 
In  command  or  aircraft  dispatcher  {do¬ 
mestic  and  flag  air  carriers  only).  Icing 
conditions  are  expected  or  met  that 
might  adversely  affect  the  safety  of 
the  night. 

(b)  No  person  may  take  off  an  alr- 
cralt  when  lrost.  snow,  or  Ice  Is  adher¬ 
ing  to  the  wings,  control  surfaces,  or 
propellers  of  the  aircraft. 


1 91.209  Operating  In  Icing  conditions. 

(a)  No  pilot  may  take  etf  an  airplane 
that  has— 

(t)  Frost,  snow,  or  Ice  adhering  to 
any  propeller,  windshield,  or  power- 
plant  Installation,  or  to  an  airspeed,  al¬ 
timeter.  rate  of  climb,  or  flight  atti¬ 
tude  Instrument  system; 

(2)  Snow  or  Ice  adhering  to  the 
wings,  or  stabilizing  or  control  sur¬ 
faces;  or 

(3)  Any  frost  adhering  to  the  wings, 
or  stabilizing  or  control  surfaces, 
unless  tha .  frost  has  been  polished  to 
make  ltstiooth. 


9  136.227  Icing  conditions:  Operating  limi¬ 
tations. 

(a)  No  pilot  may  take  off  an  aircraft 
that  has— 

(1)  Frost,  snow,  or  Ice  adhering  to 
any  rotor  blade,  propeller,  windshield, 
or  powerplant  Installation,  or  to  an 
airspeed,  altimeter,  rate  of  climb,  or 
flight  attitude  Instrument  system: 

(2)  Snow  or  Ice  adhering  to  the 
wings  or  stabilizing  or  control  sur¬ 
faces;  or 

13)  Any  frost  adhering  to  the  wings, 
or  stabilizing  or  control  surfaces, 
unless  that  frost  has  been  polished  to 
make  It  smooth. 


1 


Figure  1  FAA  Advisory  Circular  20-1 1 7 


c  =  650  mm 


Figure  2 

Model  configurations  FFA  test 


Figure  .3 

100%  Roughness  coverage,  FFA  test 


Relative  loss  of  maximum  lift 


Change  of  o^, 
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Preparation  of  the  Ice  Certification  of  the  Dernier  328  Regional  Airliner 
by  Numerical  Simulation  and  by  Ground  Test 
by 

D.Wcltc,W.Wohlrath,R.Seubcrt 
Domier  Luftfahrt  GmbH 
P.O.Box  1303 

W-7990  Friedrichshafen,  Germany 
and 

VV.Di  Bartolomeo  and  R.D.  Toogood 
Pratt&Whitney  Canada  Inc. 

1000  Marie  Victorin 
Longucuil  Quebec,  Canada 


Abstract 

The  Dornicr  328,  a  new  regional  airliner,  is  to  be  qua¬ 
lified  to  FAR25/.JAR25  requirements  for  operation  into 
known  icing  conditions.  All  lifting  surfaces  arc  pneu¬ 
matically  de-iced.  Impingement  limits  have  been  deter¬ 
mined  using  a  validated  CFD  code.  Wind  tunnel  tests 
with  a  model  of  the  whole  aircraft  and  the  isolated 
empennage  equipped  with  artificial  ice  shapes  showed 
a  degradation  of  handling  characteristics  due  to  ice 
accretion.  Fxtensive  two  and  three  dimensional  CFI) 
calculations  evaluated  ice  accretion  at  the  deflected 
elevator  horn.  Icing  tunnel  tests  have  been  performed 
with  a  model  of  the  horizontal  tail  with  icing  similitude 
fulfilled. 

The  Dornicr  Do328  powerplant  air  induction  system 
has  successfully  completed  a  program  of  icing  tests  in 
support  of  aircraft  certification  for  operation  into 
known  icing  conditions.  Potential  flight  icing  conditions 
were  extensively  analysed  using  a  CFD  potential  flow 
code  and  3D  particle  tracking  routine  to  identify  criti¬ 
cal  flight  icing  conditions.  The  non-altitude  tunnel  test 
configuration  was  similarly  analysed  to  define  the  test 
conditions  required  to  correctly  simulate  the  critical 
flight  icing  conditions.  The  tunnel  test  program  veri¬ 
fied  the  analytically  predicted  critical  ice  accretion 
surfaces  of  the  air  induction  system,  the  adequacy  of 
the  ice  protection  provisions  and  demonstrated  compli¬ 
ance  with  the  applicable  (JAR25)  regulatory  material. 

Notation 

b  Relative  Heat  Factor  [4J 

C,  Inlet  Collection  Efficiency.  Quantity  of  water 
intercepted  by  inlet  highlight  area  divided  by 
quantity  of  water  contained  in  an  equivalent 
area  at  infinity  upstream. 

Dj  Volume  Median  Diameter  (pm) 

Ko  Droplet  Modified  Inertia  Parameter 

k  Model  Size 

LWC  Cloud  Liquid  Water  Content  (g/m3) 

L  Characteristic  length  (m) 

n  Freezing  fraction  [4] 

P„  Ambient  atmospheric  pressure  (Pa) 

PP,  Partial  pressure  of  wate.  vapour  in  the  atmos¬ 
phere  (Pa) 

U  Air  static  temperature  at  infinity  upstream 
(°C) 

V„  Velocity  at  infinity  upstream  (m/s) 

a  Angle  of  Attack  (°) 

p  Collection  Efficiency 

rj  Flap  Angle  (°) 

ft  Viscosity  of  air  kg/m-s 

P  Density  of  air  kg/m3 


t  Icing  Time 

Subscripts 

a  Aircraft 

f  Full  Seale 

I  Inlet 

k  Ratio  of  the  Values  of  a  Parameter  for  scale  k 

and  full  scale  (ex.:  P„*  =  P.JP./) 
m  Model 

o  Flight  Condition 

t  Tunnel  Condition 

1.  Introduction 

lire  DO  328  is  a  new  generation,  high  speed  regional 
airliner  with  30-33  passenger  capacity  in  its  initial 
configuration.  It  is  powered  by  two  Pratt&Whitney 
PW  1 19  turboprop  engines  driving  six-bladed  Hartzell 
composite  propellers.  The  primary  flight  controls, 
comprising  ailerons,  elevator  and  rudder,  are  mechani¬ 
cally  actuated  with  horns  maintaining  aerodynamic 
balance.  The  aircraft  is  to  be  qualified  to 
FAR25/JAR25  requirements  for  operation  into  known 
icing  conditions.  Figure  I  shows  the  ice  protection  sy¬ 
stem  arrangement  of  the  Dornicr  328.  The  leading  ed¬ 
ges  of  wings,  vertical  and  horizontal  stabilizers  are  de¬ 
iced  using  conventional  pneumatic  boots,  which  arc  to¬ 
tally  integrated  into  the  aerodynamic  contours  of  the 
lifting  surfaces.  Ihc  engine  inlet  is  also  pneumatically 
de-iced.  Elevator  and  rudder  horns  will  be  equipped 
with  imbedded  electrically  heated  mats.  Windshield, 
pitot-static  tubes  and  stall  warning  arc  electrically  an¬ 
ti-iced,  the  propeller  blades  arc  fitted  with  heated  mats. 
The  last  four  systems  will  not  be  addressed  in  this  pa¬ 
per. 

2.  Ice  Protection  of  Lifting  Surfaces 

2.1  Extension  of  Protected  Surfaces 

As  all  de-icing  boots  have  to  fit  into  the  aerodynamic 
contour  of  the  surfaces  there  arc  some  restrictions  to 
their  design.  The  spanwisc  extension  of  the  boots  is  li¬ 
mited  by  fairings,  c.g.  wing-fuselage,  wing-nacelle, 
horizontal-vertical  tail  or  by  tip  sections.  The  chordwisc 
extension  is  normally  limited  by  front  spars  or  nose 
boxes.  The  chordwisc  extension  of  the  de-icing  boots 
of  the  Do  328  was  determined  using  a  2-D  trajectory 
code  developed  by  Dornicr  and  called  DROP77.  The 
CFD-codc  uses  the  full  potential  equations  for  the 
flowfield  of  the  airfoil  calculated  in  an  O-grid  with 
normally  160  x  32  points.  For  the  droplet  the  equations 
of  motion  arc  solved,  interpolating  the  flow  properties 
from  the  grid  points.  Impingement  limits  for  upper  and 
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lower  surfaces  arc  determined  and  the  collection  effici¬ 
ency  ft  is  calculated.  Figure  2  shows  a  typical  result  of 
the  trajectory  calculation  code  for  the  wing  root  section 
of  the  Do  328.  The  validation  of  the  Dornicr  code  has 
been  done  by  comparing  theoretical  calculations  with 
measurements  published  in  NACA  TM  3839  J75].  Fi¬ 
gure  3  shows  the  comparison  of  calculated  and  measu¬ 
red  impingement  limits  for  a  15%  symmetrical  Jou- 
kowsky  airfoil  at  incidences  of  0°-8°  in  dependency  of 
the  modified  inertia  parameter  K0.  According  to 
FAR25  requirements,  for  all  calculations  defining  im¬ 
pingement  limits  a  droplet  diameter  of  50  microns  has 
been  considered.  Theoretical  calculations  included  ta- 
ke-off,  climb,  hold,  descent,  approach  and  landing  con¬ 
ditions  using  adequate  center  of  gravity  locations,  flap 
settings,  elevator  and  rudder  deflections.  For  each 
component,  such  as  wing,  horizontal  and  vertical  tail, 
an  inner  and  an  outer  section  was  examined.  In  some 
cases,  especially  with  flaps  deflected,  theoretical  calcu¬ 
lations  indicated  impinging  droplets  downstream  the 
front  spars  of  the  wing  and  the  horizontal  stabilizer. 
Additional  calculations  determined  the  residual  ice 
height  at  the  designated  end  of  the  boots.  It  was  shown 
that  the  residual  ice  height  never  exceeded  6mm  in  any 
case. 

2.2  Wind  Tunnel  Tests  Using  Artificial  Ice  Shapes 

2.2.1  Tests  of  the  Whole  Aircraft 

To  obtain  information  about  the  aerodynamic  degra¬ 
dation  due  to  ice  accretion  in  the  early  stage  of  deve¬ 
lopment  of  the  Dornicr  328,  many  different  tests  have 
been  performed  in  the  I)NW  windtunncl  (The  Nether¬ 
lands)  with  a  1:4.2  scaled  model  of  the  whole  aircraft 
equipped  with  artificial  ice  shapes.  12.5mm  (1/2  inch, 
full  scale)  mushroom  type  double  horns  at  the  leading 
edges  of  the  wing,  horizontal  and  vertical  stabilizer  ha¬ 
ve  been  used  to  simulate  a  cycle  between  two  inflations 
of  the  boots.  System  failures  have  been  simulated  using 
75mm  (3  inch,  full  scale)  artificial  ice.  Different  confi¬ 
gurations  have  been  tested  to  evaluate  a  system  failure 
either  of  the  inboard  or  the  outboard  wing  de-icing  sy¬ 
stem,  also  of  the  whole  wing  and  of  the  empennage. 
Also  a  failure  of  the  whole  de-icing  system  has  been 
investigated.  All  tests  have  been  performed  with  75mm 
(3  inch,  full  scale)  artificial  ice  at  the  tips  of  all  lifting 
surfaces,  which  arc  considered  to  be  unprotected.  Thus 
Dornicr  determined  the  influence  of  ice  accretion  on 
performance  and  handling  qualities  of  the  Do  328.  It 
can  be  said  that  there  was  no  indication  that  the  air¬ 
plane  cannot  operate  safely  in  icing  conditions.  Na¬ 
turally,  the  plane  has  to  leave  icing  conditions  imme¬ 
diately  in  the  case  of  a  total  failure  of  the  de-icing  sy¬ 
stem.  The  same  procedure  will  be  recommended  in  case 
of  a  partial  failure.  In  addition  some  restrictions  on 
maximum  flap  setting  may  be  necessary  in  heavy  icing 
conditions,  with  a  failure  of  the  empennage  de-icing 
system,  as  a  result  of  possible  limitation  in  pitching 
moment  compensation. 

2.2.2  Tests  of  the  Empennage 

Extensive  tests  with  the  isolated  empennage  have  been 
performed  in  the  Dornicr  windtunncl,  especially  with 
artificial  ice.  Double  horns  with  different  heights  have 
also  been  tested  as  has  hoar  frost  with  various  rough¬ 


nesses  and  extensions  of  residual  ice  downstream  of  the 
active  part  of  the  boots.  Furthermore  a  failure  of  the 
de-icing  system  at  one  side  or  one  half  side  of  the  ho¬ 
rizontal  stabilizer  was  simulated  using  75mm  (3  inch, 
full  scale)  artificial  icc  at  that  part  with  the  other  areas 
remaining  clean.  Figure  4  shows  the  effect  of  ice  ac¬ 
cretion  on  angle  of  attack  at  maximum  download  for 
different  configurations.  Most  important  influences 
were  seen  for  the  75mm  (3  inch,  full  scale)  double  horns 
and  hoar  frost  from  the  leading  edge  up  to  35%  of  the 
chord.  The  tests  gave  significant  insight  into  the 
aerodynamic  qualities  of  the  tail  surfaces  in  icing  con¬ 
ditions  to  guarantee  safe  operation  of  the  Dornicr  328 
in  heavy  icc.  These  data  form  the  basis  for  determina¬ 
tion  of  the  increase  in  landing  speed  and  limitations  in 
flap  setting  required  for  operation  in  icing  conditions. 

2.3  Elevator  Horn  Icc  Accretion 

Since  the  flight  controls  are  mechanically  actuated, 
both  elevator  and  rudder  need  horns  to  maintain  the 
aerodynamic  balance.  The  question  is  now  whether 
these  horns  accrete  icc  in  any  case  of  deflection  or  not? 
If  there  is  icc  at  the  leading  edges  of  the  horns  the 
control  surfaces  cannot  be  moved.  Accreted  icc  may 
also  change  the  aerodynamic  characteristics  of  the  horn 
balance  significantly.  Icc  in  the  chordwise  gap  between 
the  fixed  part  of  the  horizontal  tail  and  the  horn  may 
block  the  elevator. 

2.3.1  Theoretical  Investigations 

Many  theoretical  investigations  have  been  performed 
to  simulate  the  horizontal  stabilizer  of  the  Do  328  with 
deflected  elevator  and  horn  in  icing  conditions.  For  3-D 
calculations  the  AMI  particle  tracking  code  ICE  [7] 
was  used  in  conjunction  with  the  VSAERO  potential 
flow  code  [1].  Icc  shapes  at  the  leading  edge  of  the 
horizontal  tail  and  at  the  deflected  horn  have  been  cal¬ 
culated  two-dimcnsionally  with  the  ONERA  Ice  Ac¬ 
cretion  Code  [8], [9].  For  the  flowficld  calculations  the 
gaps  between  the  fixed  part  of  the  tip  and  the  horn  had 
to  be  closed.  To  achieve  a  realistic  simulation  of  the 
flowficld,  measurements  of  the  pressure  distribution  at 
the  tip  and  the  horn  have  been  performed  on  the  model 
of  the  horizontal  stabilizer  in  the  Dornicr  wind  tunnel 
for  different  elevator  settings  and  angles  of  attack.  So 
it  was  possible  to  estimate  the  quality  of  the  theoretical 
methods.  The  calculations  showed  that  there  was  ice 
on  the  deflected  horn  in  some  eases  and  that  ice  pro¬ 
tection  of  the  horns  should  be  considered. 

2.3.2  Icing  Tunnel  Tests  with  the  Horizontal  Stabilizer 

Dornicr  used  the  BF  Goodrich  icing  tunnel  for  some 
experiments,  the  model  of  the  horizontal  tail  from  the 
previous  tests  was  tested  in  simulated  icing  conditions. 
Ihc  scale  had  changed  to  1:4.4  according  to  the  latest 
design  of  the  Do  328  empennage.  Tunnel  information 
is  as  follows: 

-  Test  Section  0.56  m  wide  x  1.12  m  high 

-  Speed  25  -  90  m/s 

-  Droplet  size  14  -  40  microns 

-  LWC  0.3  -  2.3  g/m3 

-  Temperature  -30  -  0  °C 

-  Altitude  Ground  Ixvcl 
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The  tests  were  accomplished  in  the  BF  Goodrich  icing 
tunnel  in  September  1990.  Figure  7  shows  the  instal¬ 
lation  of  the  model.  It  was  fixed  at  on£  tunnel  wall, 
such  that  the  tip  could  be  observed  through  a  window 
of  Plexiglas  ir.  the  opposite  wall  and  on  top.  Here  the 
model  could  be  investigated  during  the  tests  and  final 
ice  shapes  could  be  documented.  As  the  model  was  too 
large  for  the  tunnei,  only  a  part  of  it  could  be  placed  in 
the  test  section.  To  ichicvc  a  representative  flowficid, 
the  required  distance  between  the  tip  and  the  tunnel 
wall  was  determined  by  VSAERO  -  calculations.  The 
ice  accretion  was  documented  in  two  different  spanwisc 
sections  called  mid  and  tip  section.  Shapes  at  the  lea¬ 
ding  edge  were  documented  by  photographs  with  a  grid 
in  the  foreground.  Shapes  at  the  horn  were  removed  by 
heating  the  surface  with  an  imbedded  hot  wire  and  do¬ 
cumented  by  a  replica  formed  of  plaster  in  a  parafin 
mould.  The  model  was  protected  by  a  metal  shield  in 
front  of  the  leading  edge  until  the  test  conditions  i.c. 
LWC,  droplet  size,  temperature,  free  stream  velocity 
achieved  nearly  constant  values.  As  time  was  limited, 
only  3  cases  of  the  Do  328  flight  envelope  have  been 
tested: 

-  Climb  at  II  =  Oft  with  v  =  150KCAS 
(max.  negative  elevator  deflection) 

-  Approach  at  II  =  12000ft  with  v  =  160KCAS 
(max.  positive  elevator  deflection) 

-  Hold  at  H  =  12000ft  with  v  =  200KCAS 
(no  elevator  deflection) 

Atmospheric  conditions  arc  defined  in  FAR25/JAR25. 
As  the  horns  have  been  considered  to  be  unprotected, 
the  following  additional  requirements  have  to  be  ap¬ 
plied:  for  Intermittent  Maximum  Conditions  a  flight 
of  15km  in  clouds  must  be  simulated,  for  Continuous 
Maximum  an  icing  time  of  30  minutes  must  be  consi¬ 
dered  for  20  micron  droplets.  According  to  the  icing 
similitude  laws,  described  in  AGARI)  127  (Aircraft 
Icing)  [3],  droplet  diameter  (see  equation  I),  LWC  (see 
equation  2)  and  icing  time  (see  equation  3)  had  to  be 
sealed  from  full  scale  to  model  conditions  with  thermo¬ 
dynamic  similitude  (see  equation  5  on  page  4)  fulfilled. 
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water  was  calculated  for  20  micron  droplets  with  in¬ 
creased  icing  time  according  to  conservation  of  mass  in 
all  eases  where  the  required  LWC  could  not  be  achie¬ 
ved.  Thus  the  ice  accretion  results  must  be  on  the  con¬ 
servative  side.  Test  cases  checked  with  the  ONERA- 
code  showed  good  agreement  for  full  scale  and  model 
conditions  sealed  by  the  similitude  laws.  In  Figure  5 
nearly  the  same  ice  shape  for  full  scale  and  model  can 
be  seen,  even  if  the  conditions  arc  absolutely  different. 
Figure  6  shows  the  conditions,  which  could  be  tested 
with  icing  similitude  fulfilled.  Some  additional  testcascs 
have  been  developed  with  similitude  approximately 
achieved,  especially  for  approach  conditions. 

2.3.3  Results 

Results  from  2-D  and  3-D  calculations  are  shown  in 
comparison  with  measurements.  Figure  8  shows  the 
calculated  pressure  distributions  at  the  tip  section  for 
the  test  cases  Approach,  Hold  and  Climb  calculated 
from  the  2-D  ONERA  code  and  compared  to  the 
Domier  wind  tunnel  tests.  The  leading  edge  is  repre¬ 
sented  correctly,  but  the  potential  2-D  code  overpre¬ 
dicts  velocities  at  the  horn  in  the  cases  of  deflection. 
Figure  9  shows  the  result  from  the  ice  shape  calculation 
with  the  ONERA  code  for  Intermittent  Maximum 
Conditions  for  an  Approach  ease.  Good  agreement  for 
the  leading  edges  of  the  mid  and  the  tip  section  can  be 
seen.  The  code  predicts  that  there  is  ice  at  the  horn,  but 
the  shape  shows  less  agreement  in  this  case,  lltere 
exists  some  room  for  improvement  but  the  overall  re¬ 
sults  look  promising.  Figure  10  shows  the  result  for 
Hold  Conditions  at  Intermittent  Maximum.  The  code 
predicts  the  resulting  ice  shapes  satisfactorily.  Figure 
1 1  shows  the  result  for  Hold  Conditions  at  Continuous 
Maximum.  Agreement  at  the  tip  is  perfect,  the  shape 
at  the  mid  section  is  correctly  represented  but  the 
amount  of  ice  is  ovcrprcdictcd.  In  Figure  12  a  result 
for  Climb  Conditions  at  Continuous  Maximum  can  be 
seen.  Ice  at  the  horn  is  predicted  correctly  by  the  code, 
only  the  shape  is  not  exact.  Figure  13  shows  the  3-D 
VSAERO  pressure  distributions  for  the  test  cases  Ap¬ 
proach  (a  =  - 10°,»/  =  1 1°),  Hold  («  =  0°,tf  =  0°)  and 
Climb  (*  =  2 °,i)  =  -7°).  The  measured  values  from  the 
Domier  wind  tunnel  arc  also  shewn.  It  can  be  seen  that 
the  flowficid  is  correctly  represented  in  the  ice  accreting 
regions  of  the  airfoil.  Figure  14  shows  droplet  trajec¬ 
tories  for  the  these  eases,  in  Figure  15  the  resulting 
collection  efficiencies  arc  shown. 
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Only  some  eases  have  been  found  where  thermodyna¬ 
mic  similitude  could  be  achieved  because  the  tunnel  can 
only  be  operated  at  ground  level.  For  these  eases  it  was 
impossible  to  scale  the  correct  droplet  diameter  and/or 
the  correct  LWC  because  of  the  scaling  factor  of  1:4.4. 
In  general,  it  was  not  possible  to  simulate  droplets  as 
small  as  20  microns.  Nevertheless,  the  mass  of  incoming 


3.  Powcrplant  Air  Induction  System  Ice  Protection 
3.1  Powcrplant  Installation 

Ihc  powcrplants  arc  wing  mounted  and  operate  in  the 
conventional  tractor  mode.  The  air  induction  system  for 
each  engine  is  of  a  quasi-pitot  type  offset  below  the 
turbomachincry  centerline  and  incorporates  a  separator 
duct  to  enhance  foreign  object  ingestion  tolerance.  Fi¬ 
gure  16  shows  the  general  configuration  of  the  air  in¬ 
duction  system.  The  duct  lower  surface,  in  particular, 
is  shaped  so  as  to  minimise  significant  ice  accretion 
thus  reducing  the  potential  for  ice  ingestion  from  this 
location,  life  air  induction  system  is  designed  to  eater 
for  the  conflicting  requirements  of  ice  protection  and 
good  aerodynamic  performance.  During  the  initial  de¬ 
velopment  phase  a  full  scale  model  of  the  air  induction 
system  was  fabricated  and  subjected  to  airflow  rig  te- 
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sting  at  Pratt  &  Whitney  to  verify  its  aerodynamic 
characteristics.  Subsequent  testing  with  a  PW1 19  en¬ 
gine  has  confirmed  satisfactory  inlet  system  operation. 

3.2  Ice  Protection  Features 

The  Do328  powcrplant  air  induction  system  incorpora¬ 
tes  ice  protection  features  in  critical  areas  in  the  form 
of  pneumatically  operated  de-icing  systems  suplied  by 
the  B.F.  Goodrich  Co,  Uniontown,  Ohio.  Figure  17 
shows  the  protected  surfaces  of  the  air  induction  sy¬ 
stem.  The  ice  protection  of  the  Do328  air  induction 
system  is  similar  to  that  used  successfully  on  other 
PW100  engine  powered  aircraft  since  1983.  (Embracr 
EMB120,  Aerospatiale  ATR42,  ATR72) 

3.3  Ice  Protection  Requirements  And  Qualification 

The  engine  air  induction  system  is  to  be  qualified  to 
JAR25  1093(b)  requirements  for  operation  into  known 
icing  conditions.  In  support  of  this  objective  it  has  been 
subjected  to  simulated  icing  conditions  in  the  National 
Research  Council  engine  laboratory  facility  at  Ottawa, 
Canada.  (Fig  18) 

3.4  Similitude 

3.4.1  Aerodynamic  Similitude 

In  order  to  ensure  the  satisfactory  simulation  of  the 
icing  conditions  to  be  encountered  at  altitude  in  the 
JAR25  icing  environment,  whilst  undertaking  the  qua¬ 
lification  testing  in  a  non-altitrde  icing  tunnel,  an  ex¬ 
tensive  computational  analysis  of  potential  flight  icing 
conditions  within  the  aircraft  and  JAR25  icing  envelo¬ 
pes  was  undertaken.  This  analysis  was  directed  at 
identifying  critical  icing  conditions  including  the  eva¬ 
luation  of  inlet  water  collection  efficiency  in  flight  and 
in  the  tunnel  and  impingement  on  the  inlet  surfaces, 
both  in  the  entry  and  on  the  critical  lower  inside  surfa¬ 
ce. 

The  analysis  was  undertaken  utilising  the  VSAERO 
[1],  [2]  potential  flow  code  in  conjunction  with  a  PWC 
developed  3  dimensional  particle  tracking  code.  The 
model  utilised  for  the  altitude  conditions  consisted  of  a 
one  half  aircraft  model  (minus  empennage)  as  shown  in 
Figure  19.  Typical  particle  trajectories  in  the  approach 
flowficld  in  a  plane  approximating  the  nacelle  vertical 
plane  of  symmetry  are  shown  in  Figures  20  -  23. 

The  influence  of  the  propeller  spinner  profile  and  the 
approach  flowficld  diffusion  in  deflection  of  the  droplets 
toward  the  air  induction  system  lower  lip  and  interior 
lower  surfaces  arc  clearly  evident.  On  the  basis  of  this 
phenomenon,  the  lower  lip  and  interior  lower  surfaces 
were  determined  to  be  critical  ice  accretion  surfaces, 
the  latter  especially  so,  as  it  was  potentially  an  unpro¬ 
tected  surface. 

The  non-altitude  test  installation  incorporating  the  na¬ 
celle  and  air  induction  system,  together  with  the  wind 
tunnel  configuration  were  also  analysed  using  the 
VSAERO  potential  flow  code  and  the  3D  particle 
tracking  code  to  provide  a  comparison  with  the  flight 
conditions.  Figure  24  show  details  of  the  analytical 
model  of  the  test  installation.  Figures  25  -  28  inclusive 
show  typical  droplet  trajectories  in  the  tunnel  approach 
flowficld  and  into  the  air  inlet  system.  A  reduced  in¬ 


fluence  of  the  spinner  profile,  resulting  from  only  par¬ 
tial  immersion  in  the  flowfield,  together  with  the  tunnel 
wall  influences  became  evident  during  the  analysis.  As 
a  result  some  adjustment  from  a  true  Reynolds  number 
equivalence  in  the  approach  flowficld  was  made  in  order 
to  obtain  optimum  similitude  of  droplet  trajectories 
between  flight  and  corresponding  tunnel  test  conditions. 

Droplet  Modified  Inertia  Parameter  (Ko)  given  by 
Equation  4  [5]  was  maintained  in  each  test  condition 
at  the  value  appropriate  tor  the  flight  condition  being 
simulated  by  the  adjustment  of  the  droplet  median  dia¬ 
meter. 


3.4.2  Thermal  Similitude 

Approximate  thermal  similitude  was  achieved  at  the 
critical  air  induction  system  lower  surface  in  accordan¬ 
ce  with  the  approach  documented  in  Reference  [3]  ba¬ 
sed  on  the  work  of  Mcssinger  [4]  in  defining  the  sur¬ 
face  heat  balance  occuring  in  a  wet  icing  condition.  For 
thermal  similitude  of  an  unprotected  surface  Equation 
5  [3]  relates  air  temperature,  velocity  and  pressure  to 
the  freezing  fraction  (n)  and  relative  heat  factor  (b) 
[4],  and  should  be  equivalent  in  the  flight  and  test 
conditions: 

1.06  X-f-  =  t.(l  +  b) 

PP 

+  1530  +  19Jnb  -f 

i  « 

(3.65  +  6)-^-  (5) 

Complete  thermal  similitude  was  not  possible  because 
of  the  significant  effect  of  the  pressure  differences  on 
the  total  heat  balance.  However,  the  residual  error  for 
the  unheated  critical  lower  surface  of  the  air  inlet  sy¬ 
stem  was  found  to  be  insignificant.  The  air  stagnation 
temperature  was  slightly  modified  in  the  test  condition 
in  order  to  provide  the  optimum  thermal  similitude. 

3.5  Qualification  Test  Conditions 

Selection  of  the  demonstration  icing  conditions  for  the 
Do328  air  induction  system  was  based  on  aircraft  ope¬ 
rational  requirements  and  the  guidance  material  of 
JAR25  ACJ 25. 1 093(b)  Method  I  as  well  as  the  results 
of  the  CFD/trajectory  and  thermal  analyses  outlined  in 
the  previous  sections.  The  program  of  tunnel  tests  was 
negotiated  with  and  approved  by  the  JAA  certification 
authority  prior  to  commencement  of  testing.  Figure  29 
shows  the  agreed  test  conditions  for  the  tunnel  test 
program  together  with  the  simulated  flight  conditions. 
Conservation  of  mass  of  water  entering  the  air  induc¬ 
tion  system  is  maintained  by  compensation  for  diffe¬ 
rences  in  approach  airspeed  and  inlet  collection  effici¬ 
ency  between  flight  and  tunnel  operating  conditions  in 
accordance  with  Equation  6. 
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3.6  Tunnel  Test  Program 

3.6.1  Installation 

In  order  to  provide  realistic  air  induction  system  ope¬ 
rating  conditions  and  to  verify  acceptability  of  system 
ice  protection  provisions,  a  PW119  engine  turbomachi¬ 
nery  module  was  installed  together  with  the  production 
configuration  air  induction  system  in  a  full  scale  nacelle 
lower  section  model. 

Realistic  entry  flow  and  impingement  and  representa¬ 
tive  separator  duct  airflow  were  provided  by  operation 
of  the  tunnel  in  a  free  jet  configuration.  The  tunnel 
airflow  is  induced  primarily  by  a  high  pressure  com¬ 
pressed  air  ejector  located  downstream  of  the  nacelle 
test  section  and  powered  by  a  5  MW  industrial  com¬ 
pressor.  A  degree  of  control  of  the  tunnel  air  tempe¬ 
rature  is  provided  by  a  5.5  m  x  5.5  m  refrigeration  heat 
exchanger  located  upstream  of  the  water  spray  nozzle 
array  coupled  to  a  refrigeration  plant  of  nominal  130 
tonnes  capacity.  However,  prevailing  atmospheric  tem¬ 
perature  conditions  have  a  significant  influence  on  the 
achievable  tunnel  air  temperatures  and  testing  must  be 
scheduled  accordingly. 

3.6.2  Icing  Simulation 

The  water  spray  nozzles  arc  located  approximately  nine 
meters  upstream  of  the  test  section  and  are  of  the  air 
atomising  type.  The  nozzle  array  consists  of  48  indivi¬ 
dually  selectable  nozzles  installed  on  8  radial  struts  in 
a  2.2m  diameter  duct  section.  Droplet  diameter  distri¬ 
bution  approximates  the  Langmuir  'I)'  distribution. 

The  spray  distribution  within  the  tunnel  at  the  refe¬ 
rence  plane  2m  upstream  of  the  nacelle  inlet  plane  was 
verified  for  representative  test  conditions  with  a  3  mm 
diameter  wire  mesh  of  25.4  mm  x  25.4  mm  spacing 
temporarily  installed  for  this  purpose.  Nozzle  selection 
was  adjusted  as  necessary  to  ensure  a  uniform  water 
distribution  at  this  location  prior  to  commencement  of 
the  qualification  test  program. 

The  water  flow  rate  necessary  to  provide  the  rcquircJ 
supercooled  water  liquid  water  concentration  (LWC) 
at  the  test  section  is  calculated  with  an  interactive 
routine.  This  routine  calculates  the  changing  psychro- 
mctric,  thermodynamic  and  kinetic  conditions  within 
the  tunnel  between  the  spray  nozzle  array  and  the  na¬ 
celle  air  inlet  and  augments  the  computed  water  flow 
rate  as  necessary  to  offset  potential  evaporation  losses. 

3.7  Test  Conditions 

Each  test  condition  was  maintained  for  30  minutes  (18 
minutes  for  Climb)  with  alternating  liquid  water  con¬ 
centrations  as  appropriate  for  Continuous  and  Inter¬ 
mittent  Maximum  icing  conditions  in  accordance  with 
ACJ  25.1093(b)  Table  I.  The  actuation  of  the  air  in¬ 
duction  system  ice  protection  features  was  delayed  2 


minutes  after  initiation  of  the  icing  encounter  in  each 
test  to  simulate  a  realistic  delay  in  recognition  of  an 
icing  condition.  Following  the  icing  encounter,  engine 
acceleration  from  Idle  to  Maximum  Continuous  power 
setting  was  undertaken  with  a  1  second  power  lever 
movement  to  demonstrate  acceptable  transient  opera¬ 
tion.  For  test  purposes  the  ice  protecton  features  of  the 
air  induction  system  and  engine  were  configured  to  be 
the  most  critical  in  terms  of  supply  pressure,  surface 
heating,  surge  margin  etc. 

3.8  Test  Results 

Initial  testing  demonstrated  the  need  to  provide  addi¬ 
tional  protection  to  the  duct  lower  and  side  surfaces  to 
address  operation  in  the  warmer  temperature  icing  re¬ 
gime.  With  this  optimisation  in  place  all  qualification 
tests  were  conducted  with  satisfactory  results  i.e.  no 
unacceptable  power  loss  (including  surge  or  flame-out), 
satisfactory  transient  operation  and  no  engine  damage. 
Figures  30  and  31  show  the  condition  of  the  air  induc¬ 
tion  system  following  typical  qualification  tests. 

4.  Conclusions 

•  Impingement  limits  for  50  micron  droplets  have 
been  used  to  define  the  chordwise  extension  of  the 
de-icing  boots  of  the  lifting  surfaces  of  the  Domier 
328. 

•  Wind  tunnel  tests  with  artificial  ice  gave  informa¬ 
tion  about  degradation  of  handling  characteristics 
due  to  ice  accretion. 

•  Teots  with  the  horizontal  tail  of  the  Domier  328  in 
the  BF  Goodrich  icing  tunnel  showed  ice  accretion 
at  the  deflected  elevator  horn.  It  could  be  seen  that 
there  was  ice  at  the  leading  edges  of  the  horns  but 
no  ice  in  the  chordwise  gap  between  the  fixed  part 
of  the  horizontal  stabilizer  and  the  horn. 

•  There  still  remain  uncertainties  caused  by  scaling 
effects  and  funnel  limitations.  Problems  with  see  at 
the  leading  edges  of  the  horns  might  occur  if  the 
horns  were  unprotected. 

•  To  guarantee  safe  operation  in  icing  conditions  in 
compliance  with  the  Certification  Requirements,  the 
horns  of  the  Do  328  will  therefore  be  anti-iced  using 
electrical  heated  mats  which  arc  imbedded  into  the 
carbon  structure. 

•  Further  work  remains  to  be  done  at  Dornier  to  cal¬ 
culate  the  corresponding  ice  shapes  at  the  leading 
edges  of  all  lifting  surfaces  across  the  entire  flight 
envelope  according  to  the  revised  Flight  Airworthi¬ 
ness  Requirements.  The  most  critical  shapes  will  be 
determined  for  flight  tests  with  artificial  ice  shapes 
before  the  plane  will  enter  flight  tests  in  natural 
icing  conditions. 

•  A  Do328  powerpiant  air  induction  system  together 
with  a  PW119  turbomachincry  module  has  been 
subjected  to  simulated  icing  conditions  in  support 
of  qualification  of  the  aircraft  for  operation  into 
known  icing  conditions. 
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•  A  CFD  analysis  was  undertaken  to  identify  the  re¬ 
quired  test  conditions  in  the  non-altitude  test  facility 
to  correctly  simulate  the  critical  altitude  flight  icing 
conditions  identified  within  the  aircraft  flight  ope¬ 
rating  envelope  and  the  icing  atmospheric  conditions 
defined  in  JAR25. 

•  The  qualification  test  plan  agreed  with  fhe  certifi¬ 
cation  authority  was  formulated  on  the  basis  of  the 
aircraft  flight  envelope  and  the  CFD  analysis  of  .the 
droplet  trajectories  and  inlet  enrichment  for  flight 
and  tunnel  regimes  together  with  opiimum  thermal 
similitude  for  the  unheated  inlet  system  critical  lo¬ 
wer  surface. 

•  The  air  inlet  was  specifically  designed  to  minimise 
ice  accretion  whilst  retaining  good  aerodynamic 
performance.  Although  this  objective  was  achieved 
it  was  not  possible,  in  the  conditions  tested,  to 
achieve  satisfactory  operation  in  the  critical  tempe¬ 
rature  regime  (TAT  >  -4°C)  without  protection  of 
the  inlet  lower  surface. 

•  The  potential  flow  CFD  and  droplet  trajectory 
analysis  was  invaluable  in  identification  of  the  test 
conditions  required  for  similitude  and  in  identifica¬ 
tion  of  critical  impingement  locations.  However, 
more  sophisticated  analytical  methods  including  ice 
accretion,  ice  structure  and  runback  models,  inte¬ 
grated  with  improved  CFD  methods  capable  of  ac¬ 
comodating  both  separated  and  secondary  flows 
would  be  necessary  as  minima  for  advance  predic¬ 
tion  of  acceptability  of  potential  ice  accretion  within 
the  air  induction  system. 

•  The  Do328  air  induction  system  ice  protection  fea¬ 
tures  have  demonstrated  satisfactory  performance 
in  a  program  of  qualification  icing  tests  designed  to 
demonstrate  compliance  with  the  JAR25  1093(b) 
regulatory  materia). 
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FlS  4  EFFECT  OF  VARIOUS  ICE  FORMATIONS  AT  THE  HORZOMTAL  TAIL  ON 
ANGLE  OF  ATTACK  OF  MAXIMUM  DOWNLOAD  (WIND  TUNNEL  TEST) 


FIG.  5  :  VALIDATION  OF  ICING  SCALING  LAWS  (ONERA-CODE) 

FULL  SCALE:  H-12400/l*»0.384/P-0.634/T— 9 . 35/D-24 . 8/LWC-1  .06/TAU-373 
MODEL :  B-O/M-0 . 1 99/P-0 . 9857/T— 8/D- 1 4/LWC-2 . 30/TAU-75 
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Fig.  6  :  TEST  CONDITIONS  FULL  SCALE  -  MODEL  (SCALE  4.4) 
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Figure  16:  Dornier  Do  328  Air  Induction  System  Configuration 


Figure  17:  Dornier  Do  328  Air  Induction  System  Protected  Surfaces 
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Figure  18:  Dornier  Do  328  Nacelle  Icing  Tunnel  Installation 


Figure  19:  Dornier  Do  328  Aircraft  Analytical  Model 


Figure  20:  Flight  Cond.  Climb  20000  ft. 
V0  =  205 kts,aa  =  6.2°,  Dd  =  20pm 


Figure  21:  Flight  Cond.  Cruise  20000  ft. 
Va  =  343&trr,  an  =  0°,  Dd  =  20pm 


Figure  23:  Flight  Cond.  F.I.  Descent  20000  ft. 
V0  -■  206 kts,  aa  =  5.5° ,  Dd  —  20pm 
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Figure  25:  Tunnel  Cond.  Climb. 

V0  =  lOOfcta.ai  =  2A\Da  =  32/im 


Figure  26:  Tunnel  Cond.  Cruise. 

V0  =  210jb£i,at-  =  2.4°,  Dd  =  28/m» 


Figure 


V0  = 


27:  Tunnel  Cond.  Hold. 

150A:£s,  a,  =  2.4°,  Dd  =  28  /im 


Figure  28:  Tunnel  Cond.  F.I.  Descent. 
V0  =  lOlikts,  a<  =  2.4®,  Dd  =  32/im 
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Figure  29:  Dornier  Do  328  Air  Induction  System  Icing  Certification  Test  Program 


Figure  30:  Air  Inlet  following  30  min 
Cruise  Condition  T„  =  -1.1°C 


Figure  31:  Air  Inlet  following  18  min 
Climb  Condition  T0  -  -14.7°C 
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SUMMARY 

This  paper  presents  results  from  a  broad 
National  Aeronautics  and  Space 
Administration  (NASA)  research  program  to 
obtain  fundamental  aerodynamic  information 
regarding  the  effect  of  heavy  rain  on  airplane 
performance.  The  take-off  and  landing 
characteristics  are  of  particular  concern, 
and  the  aim  of  the  program  is  to  understand 
the  physical  phenomena  associated  with  any 
aero-dynamic  performance  penalty  that  may 
occur  during  a  rain  encounter.  This  over¬ 
view  includes  results  of  recent  attempts  to 
measure  high-intensity,  short-duration 
rainfall,  a  discussion  of  some  of  the  earlier 
analytical  investigations  of  rain  effects  on 
airfoils,  a  review  of  some  promising 
experimental  methods  for  evaluating  rain 
effects,  and  some  important  scaling 
considerations  for  extrapolating  model  data. 

Based  on  the  comparisons  available  between 
the  limited  large-scale  results  and  the  wind- 
tunnel  results,  rain  scale  effects  are  not 
large  and  wind-tunnel  results  can  be  used  to 
predict  large-scale  heavy  >ain  effects. 
Although  reductions  in  maximum  lift 
capability  and  corresponding  increases  in 
drag  were  measured  for  both  the  cruise  and 
high-lift  configurations,  the  high-lift 
configuration  was  more  sensitive  to  the  rain 
environment  than  the  cruise  configuration. 
The  data  indicated  a  reduction  in  maximum 
lift  capability  with  increasing  rainfall  rate 
and  an  associated  decrease  in  the  angle  of 
attack  at  which  maximum  lift  occurs.  It 
would  appear  that  normal  transport  aircraft 
operations  would  not  be  affected  by  heavy 
rain  since  most  operations  avoid  angles  of 
attack  near  stall.  However,  if  the  heavy  rain 
encounter  occurs  during  a  severe  low 
altitude  wind  shear  then  the  piloting 
procedures  used  to  counter  the  wind  shear 
effects  may  result  in  operating  at  a  higher 
than  normal  angle  of  attack. 


NOMENCLATURE 

Cd  section  drag  coefficient 

Cb  drag  coefficient 

C|  section  lift  coefficient 

Cl  lift  coefficient 

LWC  liquid  water  content,  g/m3 

R  rainfall  rate  in/hr  or  mm/hr 

a  angle  of  attack,  deg. 

INTRODUCTION 

Until  the  late  seventies  the  recognition  of 
weather-related  safety  hazards  to  aircraft 
performance  and  operations  had  included 
clear-air  turbulence,  lightning,  icing,  hail, 
low-altitude  windshear,  and  microburst.  The 
latter  two  phenomena  have  long  been 
recognized  as  hazards  to  aircraft  landing  and 
take-off  operations.  In  1977  the  United 
States  Federal  Aviation  Administration 
(FAA)  conducted  a  study  of  25  aircraft  acci¬ 
dents  and  incidents  which  occurred  between 
1964  and  1976  in  which  low-altitude  wind 
shear  could  have  been  a  contributing  factor 
(ref.  1 ).  Of  the  25  cases  (23  approach  or 
landing  and  2  take-off)  in  the  study,  ten 
cases  had  occurred  in  a  rain  environment, 
and  in  five  cases  these  were  classified  as 
intense  or  heavy  rain  encounters.  These 
results  led  to  the  reconsideration  of  high- 
intensity,  short-duration  rainfall  as  a 
potential  weather-related  aircraft  safety 
hazard,  particularly  in  the  take-off  and/or 
approach  phases  or  flight. 

This  paper  is  an  overview  of  the  most  recent 
work  conducted  by  the  NASA  and  others  to 
study  the  potential  influence  of  heavy  rain  on 
airfoil  performance.  The  overview  includes 
results  of  recent  attempts  to  measure  high- 
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intensity,  short-duration  rainfall,  a 
discussion  of  some  of  the  earlier  analytical 
investigations  of  rain  effects  on  airfoils,  a 
review  of  some  promising  experimental 
methods  for  evaluating  rain  effects,  and 
some  important  scaling  considerations  for 
extrapolating  model  data.  The  latest 
experimental  data  are  also  presented  and 
discussed.  A  complete  understanding  of  the 
influence  of  rain  on  airfoil  performance  will 
require  significant  additional  effort  both 
analytically  and  experimentally  before  an 
assessment  of  the  degree  of  hazard 
associated  with  flight  operation;',  in  a  rain 
environment  can  be  made. 

THE  CHARACTERISTICS  OF  HEAVY 
RAIN 

In  order  to  develop  analytical  models  and 
conduct  experimental  studies  on  the  effect  of 
rain  on  airfoil  performance,  the  phenomenon 
of  naturally  occuring  precipitation  needs  to 
be  understood.  An  understanding  of  the  drop 
size  distribution  associated  with  heavy  rain, 
the  frequency  of  occurrence,  and  the  tange 
of  rainfall  rates  is  required  in  order  to 
assess  hazard  potential  for  aircraft 
operation. 

Two  "lump  parameter"  quantities  generally 
used  to  describe  rain  are  rainfall  rate  (R)  and 
liquid  water  content  (LWC).  Rainfall  rate  is 
the  linear  accumulation  depth  at  ground  level 
per  unit  time  and  is  typically  used  to 
characterize  rainfall  at  ground  level.  For 
airborne  measurements  the  liquid  water 
content,  the  mass  of  liquid  water  per  unit 
volume  usually  expressed  as  g/m3,  is  the 
meaningful  parameter.  The  relationship 
between  LWC  and  R  is  uniquely  dependent  on 
the  type  of  storm  and  the  intensity  level  of 
the  storm.  In  the  absence  of  a  vertical  wind 
velocity,  the  LWC  is  directly  related  to  the 
rainfall  rate  and  the  drop  size  distribution. 
Figure  1  from  Dunham,  ref.  2,  is  a  plot  of  the 
LWC  as  a  function  of  rainfall  rate  for  both 
light  widespread  rain  and  thunderstorm  type 
rain.  Rain  is  adequately  modeled  when  the 
type  of  rain  environment  is  specified 
(thunderstorm  or  continous)  and  either  the 
liquid  water  content  or  rainfall  rate  is  given. 

The  range  of  rainfall  rates  that  an  airplane 
could  expect  to  encounter  varies  from  light 
rain  of  5-10  mm  per  hour  up  to  very  large 
rainfall  rates.  The  ground-level  world 
record  rainfall  accumulation  of  1.23  inches  in 


one  minute  was  measured  in  an  intense 
afternoon  thunderstorm  on  July  4,  1956, 

(ref.  3).  The  volume  of  rah  accumulated  in 
the  one  minute  time  interval  is  equivalent  to 
a  rainfall  rate  of  1830  mm/hr  (73.8  in/hr). 
The  upper  boundary  for  airborne 
measurements  of  liquid  water  content  is  44 
g/m3,  corresponding  to  approximately  2920 
mm/hr  (117  in/hr),  measured  by  an 
instrmented  F-100  airplane  in  1962  by  Roys 
and  Kessler  (ref.  4). 

With  the  resurgence  of  interest  in  the 
characterization  of  high-intensity  rain-fall,  a 
review  of  the  literature  prior  to  1987 
pertaining  to  natural  rainfall  measurements 
revealed  that  the  majority  of  the  ground- 
based  rainfall  database  was  averaged  over 
relatively  long  time  constants  using  a 
weighing-bucket,  more  commonly  referred  to 
as  a  tipping  bucket  (Jones  and  Sims,  ref.  5). 
According  to  Melson  (ref.  6),  this 
measurement  technique  results  in  lower 
rainfall  rates  being  calculated  and  masks  the 
short-duration,  high-intensity  rainfall 
characteristics  associated  with  thunder¬ 
storms.  The  work  of  Jones  and  Sims  and 
Melson  both  address  the  magnitude,  duration 
and  probability  distribution  of  high-intensity 
rainfall. 

The  probability  distribution  data  collected  by 
Jones  and  Sims,  measured  over  time 
constants  of  1-  and  4-minute  accumulations 
at  ground  level,  are  useful  for  determining 
the  potential  for  encountering  a  given  rainfall 
rate.  They  analyzed  data  collected  over  a 
one-year  period  on  recording  weighing- 
bucket  raingages  placed  throughout  the 
world.  Gages  from  maritime  subtropical 
(Southeastern  USA,  Vietnam,  Marshall 
Islands,  Japan),  continental  temperate 
(Midwestern  USA,  Alaska),  maritime 
temperate  (England,  France,  West  Germany, 
Northwestern  USA),  and  midlatitude  interior 
(Israel,  Southwestern  USA)  regions  were 
used.  Figure  2  is  a  summary  of  the  averaged 
zonal  frequency  distribution  curves  obtained. 
The  probable  number  of  minutes  a  given 
rainfall  rate  (or  greater)  can  be  expected  in 
a  given  climatological  zone  can  be  obtained 
from  figure  2  by  converting  the  ordinate 
from  percent  to  a  fractional  portion  of  time 
and  multiplying  by  the  number  of  minutes  in  a 
year  (5.2596  x  10^).  The  Jones  and  Sims 
data  indicate  that  for  about  two  minutes 
every  year  in  the  maritime  suptropical  zone, 
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a  rainfall  rate  greater  than  200  mm/hr  (8 
in/hr)  could  be  expected  at  any  location. 

The  lack  of  rainfall  measurements  over  very 
short  time  constants,  on  the  order  of 
seconds,  led  to  the  development  of  a  ground- 
based  natural  rainfall  measurement  technique 
by  Melson.  His  technique  acquires  data  over 
very  short  time  constants,  as  short  as  one 
sample  per  second.  Data  are  being  acquired 
at  6  geographical  sites:  Darwin,  Australia; 
Seattle,  Washington;  Denver,  Colorado; 
Kennedy  Space  Center,  Florida;  Hampton, 
Virginia;  and  Wallops  Island,  Virginia.  His 
measurement  technique  has  verified  the 
existence  of  high-intensity  rainfali  at  ground 
level  (ref.  7).  Figure  3  is  a  bar  chart 
summary  of  the  frequency  and  magnitude  of 
the  events  measured  above  100  mm/hr  (4 
in/hr)  and  the  duration  times  of  those 
events.  Over  7,000  events  have  been 
measured  above  100  mm/hr  since  the  test 
program  began  in  1988.  The  maximum 
rainfall  rate  measured  of  720  mm/hr  (28 
in/hr)  occurred  for  just  under  ten  seconds  at 
NASA  Wallops  Flight  Facility  in  1990.  In 
figure  4  the  data  are  presented  as 
percentages  of  the  total  number  of 
measurements  indicating  that  one  quarter 
percent  of  the  events  measured  were  above 
20  in/hr.  The  rainfall  rates  above  20  in/hr 
were  sustained  up  to  10  seconds  per  event. 
These  ground-based  results  along  with  the 
inflight  thunderstorm  measurements  by  Roys 
and  Kessler  indicate  that  the  probability  of  an 
airplane  encountering  short-duration  rainfall 
rates  greater  than  200  mm/hr  (8  in/hr)  may 
be  higher  than  the  probability  indicated  by 
Jones  and  Sims. 

ANALYTICAL  WORK 

The  effect  of  rain  on  the  aerodynamic 
performance  of  an  airplane  was  addressed 
analytically  as  early  as  1941  by  Rhode  (ref. 
8).  His  analysis  indicated  that  drag 
increases  associated  with  the  momentum  of  a 
DC-3  aircraft  encountering  a  rain  cloud  with 
a  water  mass  concentration  of  50  g/m3 
(equivalent  to  approximately  1270  mm/hr  or 
50  in/hr)  would  cause  an  18  percent 
reduction  in  airspeed.  Rhode  considered  such 
an  encounter  to  be  of  a  short  duration  and  of 
little  consequence  to  an  aircraft  flying  at 
5000  feet. 

Since  low  visibility  take-offs  and  landings 
were  not  routine  in  1941,  the  consequences 


of  a  heavy  rain  encounter  during  these 
phases  of  flight  was  not  considered. 

However,  for  a  modern  day  transport  such 
an  airspeed  loss  during  take-off  or  landing 
would  be  significant.  The  influence  of  rain  on 
airplane  performance  was  addressed  again  in 
1982  when  Haines  and  Luers  (ref.  9),  under 
contract  from  NASA,  evaluated  the  effect  of 
rain  on  aircraft  landing  performance.  In  the 
intervening  years  a  great  deal  of  work  had 
gone  into  calculating  the  motion  of  water 
drop  particles  in  the  flowfieid  about  an  airfoil 
(refs.  10  to  14);  however  these  efforts 
were  directed  at  calculating  water  drop 
trajectories  and  impingement  on  the  airfoil 
for  purposes  of  estimating  ice  accretion.  The 
influence  of  liquid  water  on  the  airfoil 
performance  was  not  calculated. 

The  Haines  and  Luers  study  was  an  attempt 
at  refining  the  study  of  Rhode  to  estimate  the 
effects  of  rain  on  a  modern-day  airplane. 
Their  analysis  not  only  included  the 
calculation  of  the  impact  momentum  of  the 
raindrops,  but  also  estimated  the  increase  in 
skin  friction  drag  by  equating  the  water 
layer  waviness  and  raindrop  crater  effects 
on  the  airfoil  surface  to  an  equivalent  sand 
grain  roughness.  Using  empirical  data  for 
roughness  effects  on  airfoil  lift  they 
calculated  the  rain  effect  on  the  lift  and  drag 
of  a  747  transport.  Their  analysis  estimated 
a  2  to  5  percent  increase  in  drag  and  a  7  to 
29  percent  reduction  in  maximum  lift  with 
associated  reductions  in  stall  angle  from  1  to 
5  degrees  for  rainfall  rates  from  100  to 
1000  mm/hr  (3.94  to  39.37  in/hr).  These 
predictions,  of  course,  constitute  a 
substantial  loss  of  performance. 

In  1984  Calarese  and  Hankey  (ref.  15) 
studied  droplet  drag  acting  as  a  body  force  in 
the  Navier-Stokes  equations.  This  analysis 
neglects  the  interface  effects  of  droplet 
splashing,  cratering,  and  water-layer 
formation.  Their  analysis  produced  a 
pressure  distribution  for  an  NACA  0012 
airfoil  for  the  limiting  cases  of  a  very  fine 
rain  (small  drop  size  and  a  drop  Reynolds 
number  much  less  than  1)  and  for  a  coarse 
rain  (large  drop  size  and  large  Reynolds 
number).  For  the  coarse  rain  little  change  in 
airfoil  pressure  distribution  was  noted.  For 
the  fine  rain,  significant  changes  in 
pressures  were  predicted  which  showed  a 
small  increase  in  lift  with  increasing  water 
spray  concentration. 
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In  1985,  Kisielewski  (ref  16)  performed  a 
three-dimensional  Euler  analysis  to 
investigate  the  effects  of  momentum  and 
energy  exchange  between  the  rain  and  the 
flowfield.  He  concluded  that  the  rain  had 
little  effect  on  the  calculated  lift  produced  by 
a  simple  airfoil.  Both  Calarese  and  Hankey 
and  Kisielewski  concluded  that  the  major 
influence  of  rain  on  airfoil  performance  was 
probably  dominated  by  viscous  effects  of  the 
water  droplet  splashing  and  its  subsequent 
interaction  with  the  air  boundary  layer,  but 
these  effects  were  not  modeled  in  their 
analyses. 

EXPERIMENTAL  METHODS 

The  experimental  investigation  of  rain 
effects  on  the  aerodynamics  of  airfoils  is  a 
technical  challenge  as  difficult  as 
investigating  the  effects  analytically.  A  full- 
scale  flight  test  investigation  would  require 
that  performance  measurements  be  made  on 
an  airplane  while  in  a  severe  rainstorm.  In 
addition  to  the  hazard  to  the  test  pilot, 
extraction  of  accurate  performance 
measurements  and  environmental  parameters 
would  be  very  difficult.  Because  of  the 
variability  of  natural  rain,  repeatable 
conditions  would  be  difficult  if  not  impossible 
to  obtain. 

Scale  model  tests  of  the  effects  of  rain 
present  a  different  set  of  challenges  in  that 
they  require  the  simulation  of  properly 
scaled  rain  conditions.  The  three  types  of 
tests  which  have  been  used  for  investigating 
the  effects  of  rain  are  (1)  a  rotating  arm  in 
which  a  model  is  placed  at  the  end  of  a 
counterbalanced  rotating  beam,  (2) 
conventional  wind  tunnels,  and  (3)  a  track  in 
which  the  model  is  propelled  down  a  straight 
track  segment. 

Rotating  arm  facilities  have  been  quite  useful 
for  studying  single-drop  impact  dynamics 
(refs.  17  and  18).  Airfoil  performance 
measurements  have  not  been  attempted  with 
the  rotating  arm  facility  because  the 
centrifugal  effects  on  the  water  film  would 
influence  the  results.  Wind  tunnels  and  track 
facilities  are  considered  to  be  the  best 
methods  of  obtaining  airfoil  performance 
data,  and  in  both  methods  the  technique  for 
simulating  rain  and  developing  scaling 
relationships  presents  the  areas  of  greatest 
difficulty.  For  the  wind  tunnel  the  difficulty 


lies  in  obtaining  a  uniform  distribution  of  the 
water  with  a  minimum  of  influence  on  the 
tunnel  flow  conditions.  For  the  track  the 
water  manifolding  and  nozzle  distribution 
becomes  elaborate  and  extensive  in  order  to 
cover  the  test  area. 

Wind-tunnel  testing 

In  1985,  Bilanin  (ref.  19)  addressed  the 
subject  of  scaling  for  model  tests  of  airfoils 
in  simulatec  rain.  His  analysis  showed  that 
the  the  scaling  parameters  which  control  the 
aerodynamic  force  generated  by  an  airfoil 
immersed  in  a  rain  environment  are  the 
following:  Reynolds  number  based  on  air; 
Reynolds  number  based  on  water;  the  Weber 
number;  the  ratio  of  mean  droplet  diameter 
to  model  chord;  the  ratio  of  the  density  of  air 
to  the  density  of  water;  and  the  angle  of 
attack.  The  Weber  number  (We)  is  the  ratio 
of  inertial  forces  to  surface  tension  forces 
and  is  a  function  of  the  density  of  water, 
drop  velocity,  volumetric  mean  drop 
diameter  (the  diameter  at  which  half  the 
volume  of  water  is  in  larger  or  smaller 
drops)  and  the  surface  tension  interactions 
between  water  and  air.  The  sensitivity  of 
the  aerodynamic  characteristics  of  an  airfoil 
immersed  in  a  rainstorm  to  each  of  the 
aforementioned  parameters  must  be  assessed 
to  determine  adequate  modeling  of  heavy  rain 
in  the  wind  tunnei. 

NASA  has  developed  test  techniques  and 
procedures  and  conducted  a  series  of  wind- 
tunnel  tests  in  the  NASA  Langley  14-  by  22- 
Foot  Subsonic  Tunnel.  The  tests  were 
conducted  in  the  closed  test  section  with 
dimensions  of  14.5  feet  high  by  21.75  feet 
wide  by  50  feet  long.  A  photograph  of  a 
typical  test  set-up  and  a  schematic  of  the 
test  technique  developed  are  shown  in  figures 
5  and  6.  The  model  hardware  was  located  in 
the  aft  bay  of  the  test  section  aligned 
laterally  with  the  tunnel  centerline. 

The  water  spray  distribution  manifold, 
shown  in  figure  7,  was  located 
approximately  10  wing  chord-lengths 
upstream  of  the  model  location  and  directed 
the  spray  horizontally  at  the  model  while 
aerodynamic  force  measurements  were 
obtained.  The  shape  and  location  of  the  spray 
manifold  were  selected  to  minimize  the 
interference  effect  on  tunnel  freestream 
conditions  and  to  allow  time  for  the 
stabilization  of  the  accelerating  water 


15-5 


droplets.  The  manifold  was  aligned 
approximately  6  inches  above  the  chord  plane 
of  the  model  to  account  for  gravity  effects 
on  the  water  droplets.  Comparisons  of  model 
aerodynamic  data  in  and  out  of  the  simulated 
rain  environment  were  made  with  the  spiay 
manifold  in  position  at  all  times. 

The  wind-tunnel  rainfield  simulated  a 
thunderstorm-type  rain  and  was  quantified  in 
terms  of  LWC,  drop  size  distribution  and  drop 
velocity.  An  extensive  experimental 
research  effort  was  carried  out  by  the  Jet 
Propulsion  Laboratory  (JPL),  under  contract 
to  NASA,  to  develop  a  nozzle  design  which 
would  simulate  a  range  of  rainfall  intensity 
levels  and  a  drop  size  distribution  which 
would  include  drops  2  mm  in  size  and  larger 
(ref.  20).  The  JPL  designed  nozzles,  shown 
in  figure  8,  consisted  of  a  series  of 
hypodermic  tubes  arranged  circumferentially 
around  a  plenum  which  would  provide  control 
over  the  drop  size  and  rainfall  intensity  level 
independently.  These  nozzles  produced  LWC 
values  near  those  which  occur  naturally  in 
cloudburst  conditions. 

Exploratory  tests  were  conducted  on  a  wing 
with  a  NACA  0012  airfoil  section  fitted  with 
a  simple,  full-span  trailing-edge  flap  at  at 
Reynolds  Number  of  1.7  x  106.  (ref.  2)  The 
wind-tunnel  rain  simulation  system  used  for 
the  NACA  0012  tests  produced  LWC  values 
ranging  from  13  to  22  g/m3-  A  15  percent 
reduction  in  the  maximum  lift  capability  of 
both  the  cruise  and  landing  configurations  of 
the  airfoil  model  were  measured  in  the 
simulated  rain  environment  independent  of 
the  LWC.  A  sample  of  the  data  is  shown  in 
figure  9.  The  exploratory  small-scale  wind- 
tunnel  lesults  confirmed  the  existence  of  a 
performance  penalty  in  a  simulated  rain 
environment. 

Following  these  tests,  an  investigation  was 
conducted  to  determine  the  severity  of  the 
rain  effect  on  an  airfoil  geometry  which  was 
representative  of  typical  commercial 
transport  wing  sections  as  a  function  of 
rainfall  intensity  and  to  explore  the 
importance  of  surface  tension  interactions  of 
water  as  a  scaling  parameter  (ref.  21).  The 
airfoil  model  was  an  NACA  64-210  with 
leading-edge  and  trailing-edge  high-lift 
devices  tested  in  cruise  and  landing 
configurations.  The  model  had  a  rectangular 
planform  and  was  supported  between  two 
endplates  in  an  attempt  to  represent  a  two¬ 


dimensional  test  set-up  as  shown  in  figure 
10.  The  basic  airfoil  chord  was  2.5  feet  and 
the  span  between  the  endplates  was  8  feet. 
Details  of  the  cruise  and  landing 
configurations  tested  are  shown  in  figure  11. 
The  high-lift  devices  consisted  of  a  leading- 
edge  slat  deflected  at  a  fixed  angle  of  57° 
and  a  trailing-edge  double-slotted  flap 
deflected  at  a  fixed  angle  of  35.75°. 

These  tests  were  also  conducted  in  the 
Langley  14-  by  22-Foot  Subsonic  Tunnel  for 
Reynolds  numbers  of  1.8  x  10®,  2.6  x  10®, 
3.3  x  10®  based  on  airfoil  chord.  The  rain 
spray  system  was  modified  to  provide 
adequate  coverage  of  the  model  at  higher 
rainfall  rates  than  previously  tested  using 
the  JPL  nozzles.  The  improved  rain 
simulation  system  produced  water  mass 
concentrations  ranging  from  16  to  47  g/m3. 
As  shown  in  figure  12,  a  25  percent 
reduction  in  maximum  lift  capability  with  an 
associated  8°  decrease  in  the  angle  of  attack 
at  which  maximum  lift  occurs  was  measured 
for  the  high-lift  configuration  at  the  highest 
water  mass  concentration  of  46  g/m3.  For 
this  data  set  the  Reynolds  number  was  2.6  X 
1 06,  the  Weber  number  270,  and  the  drop  diameter 
to  wing  chord  ratio  .0018. 

In  general,  the  NACA  64-210  data  indicated 
the  same  trends  as  the  data  for  the  NACA 
0012  airfoil  model.  Both  airfoil  sections 
exhibited  significant  reductions  in  maximum 
lift  and  increases  in  drag  for  a  given  lift 
condition  in  the  simulated  rain  environment. 
The  most  significant  difference  between 
these  two  airfoil  sections  was  the  sensitivity 
of  the  NACA  64-210  airfoil  section  to  LWC. 
As  noted  previously  the  NACA  0012 
performance  losses  in  the  rain  environment 
were  not  a  function  of  LWC.  Although 
reductions  in  maximum  lift  capability  and 
corresponding  increases  in  drag  were 
measured  for  both  the  cruise  and  high-lift 
configurations  of  the  NACA  64-210  airfoil 
model,  the  high-lift  configuration  was  more 
sensitive  to  the  rain  environment  than  the 
cruise  configuration.  The  data  indicated  a 
reduction  in  maximum  lift  capability  with 
increasing  water  mass  concentration  and  an 
associated  decrease  in  the  angle  of  attack  at 
which  maximum  lift  occurs. 

Campbell  and  Bezos  (ref.  22)  conducted  a 
test  using  a  NACA  23015  ai>  foil  section  to 
evaluate  the  time  required  for  a  wing 


immersed  in  rain  to  achieve  a  steady  state 
condition.  They  reported  that  the  transition 
time  for  the  wing  to  achieve  a  steady  state 
condition  encountering  simulated  heavy  rain 
to  be  less  than  two  to  three  seconds  in  most 
cases.  These  transition  times  are  within  the 
duration  times  of  all  the  ground-based 
rainfall  measurements  reported  by  Melson. 

The  NACA  64-210  test  results  in  terms  of 
lift  and  drag  characteristics  in  and  out  of  the 
simulated  rain  environment  represent  the 
baseline  data  which  was  used  in  the 
evaluation  of  the  large-scale  rain  effects 
data. 

Large-scale  Track  Testing 

In  order  to  determine  to  first  order  if  there 
were  significant  rain  scaling  effects,  the 
NASA  Langley  Research  Center  and  the  FAA 
supported  the  development  of  a  large-scale 
ground  testing  capability  for  evaluating  the 
effect  of  heavy  rain  on  airfoil  lift.  Figure  13 
is  a  photograph  of  the  facility  which  was 
developed  to  acquire  aerodynamic  data  on 
large-scale  wing  sections  immersed  in  a 
simulated  natural  rain  environment.  A  wing 
section  is  mounted  on  a  test  vehicle  and  is 
propelled  along  a  track  through  a  highly- 
concentrated  rain  environment.  The 
simulated  rain  is  produced  by  a  series  of 
spray  nozzles  suspended  above  the  track. 

This  technique  provides  a  more  realistic  rain 
simulation  than  can  be  produced  in  a  wind 
tunnel.  The  test  vehicle  is  propelled  into  an 
environment  which  exemplifies  an  airplane 
flying  into  a  rainstorm.  The  generation  of 
the  rain  environment  in  the  vertical  direction 
allows  the  water  droplets  to  achieve  the 
proper  droplet  size  distribution  and  terminal 
velocities  found  in  severe  rainstorms.  The 
outdoor  rain  simulation  system  developed  for 
this  investigation  produced  rainfall  conditions 
from  2  to  40  in/hr. 

The  details  of  the  design,  development,  and 
oDeration  of  the  NASA  Langley  Research 
Canter  Aircraft  Landing  Dynamics  Facility 
(ALDF)  for  large-scale  heavy  rain  effects 
testing  are  described  in  references  23,  24, 
and  25.  Although  the  ALDF  was  designed  to 
test  fuli-scale  aircraft  landing  gear  at 
operational  velocities  on  a  variety  of 
simulated  runway  surfaces,  its  operating 
characteristics  facilitated  the  conversion  to 
a  large-scale  aerodynamic  performance 
testing  facility  with  minimal  modifications  to 


the  test  carriage  and  track  test  section.  The 
ALDF  is  composed  of  three  components:  a 
test  carriage,  a  propulsion  system  and  an 
arrestment  system.  A  high-pressure  jet  of 
water  is  directed  into  a  turning  bucket  on  the 
back  end  of  the  carriage  to  provide  carriage 
thrust.  Once  the  peak  velocity  is  attained, 
the  carriage  coasts  the  remaining  1800  feet 
to  the  arrestment  system.  The  large-scale 
wing  section  was  mounted  above  the  central 
open  bay  area  of  the  carriage  22  feet  above 
the  track  as  shown  in  figure  14. 

The  wing  section  had  an  NACA  64-210  airfoil 
section  with  a  rectangular  planform  and  was 
mounted  between  circular  endplates.  The 
wing  is  equipped  with  leading-edge  and 
trailing-edge  high-lift  devices  deployed  to 
simulate  a  landing  configuration  (fig.  15). 

The  ALDF  wing  chord  was  chosen  to  be  10 
feet,  which  corresponds  to  a  scaling  factor 
of  4  when  compared  to  the  wind-tunnel  model 
chord  of  2.5  feet.  The  wing  span  was 
constrained  to  a  width  of  13  feet  by  the 
model  location  chosen.  The  wing  surfaces 
were  painted  with  commercially  available 
aircraft  paint  to  model  the  wing  surface/rain 
interaction  properly.  The  ALDF  wing 
structure  was  constructed  based  on  a 
requirement  to  sustain  high  g-loads  at  launch. 
The  wing  angle  of  attack,  which  is  set  prior 
to  launch  and  remains  fixed  during  a  test  run, 
was  varied  from  7.5°  to  19.5°  in  2° 
increments. 

The  ALDF  Rain  Simulation  System  (RSS)  is 
located  approximately  800  feet  downstream 
of  the  propulsion  system  (fig.  16)  and 
provides  uniform  simulated  rain  over  an  area 
30  feet  wide,  centered  over  the  track,  by 
500  feet  long.  The  system  consists  of  three 
commercially  manufactured  irrigation  pipes 
positioned  length-wise  along  the  track  in 
100-foot  sections  which  are  supported  at 
both  ends  by  a  structural  support  frame.  One 
leg  of  this  frame  is  piping  which  allows  the 
flow  of  water  to  travel  from  the  water/air 
supply  system  up  to  the  three  irrigation 
pipes.  Feeding  off  eacn  irrigation  pipe  is  an 
array  of  nozzles  whose  spacing  is  dependent 
upon  the  desired  rainfall  rate. 

Dynamic  pressure  is  measured  by  a  standard 
aircraft  pitot-static  tube  mounted  on  a 
forward  extremity  of  the  carriage.  In 
addition  to  data  on  the  wing  and  carriage,  the 
measurement  of  wind  speed  and  direction  at 
the  the  rain  simulation  system  location  are 


recorded  along  with  temperature  and 
barometric  pressure.  Because  the  carriage 
is  decelerating  the  Reynolds  number  varies 
from  11-  to  18-  X  106.  The  Weber  number 
also  varies  from  320-510. 

The  majority  of  the  rain  effects  data  were 
obtained  at  the  maximum  rain  rate  of  40 
in/hr  for  an  angle-of-attack  range  of  7.5°  to 
19.5°.  For  this  rain  condition  the  drop  size 
to  model  chord  ratio  was  .0009.  This  rain 
condition  was  chosen  because  it  closely 
approximated  a  previously  tested  wind- 
tunnel  condition  and  met  one  of  the  test 
objectives  to  investigate  the  significance  of 
scale  effects.  A  photograph  of  the  carriage 
exiting  the  40  in/hr  rain  condition  is  shown 
in  figure  17.  Aerodynamic  data  were  also 
obtained  for  rainfall  rates  of  9  and  19  in/hr 
for  an  angle  of  attack  range  of  9.5°  to  19.5°. 
These  rain  conditions  have  a  much  higher 
probability  of  occurrence  than  the  40  in/hr 
rain  intensity  as  indicated  by  references  4 
and  6. 

The  time  dependent  data  were  averaged  to 
provide  a  single  lift  coefficient  for  each  angle 
of  attack.  The  lift  coefficient  versus  angle  of 
attack  data  exhibit  the  same  general 
characteristics  as  the  previous  wind-tunnel 
results.  The  rain  effect  is  to  reduce  the 
maximum  achievable  lift  coefficient  and  to 
reduce  the  angle  of  attack  for  stall.  The  data 
shown  in  figure  18  for  the  airfoil  in  the  rair. 
environment  reflects  the  fact  that  the  wing 
has  stalled  prior  to  13.5°  angle  of  attack  and 
attained  it  highest  observable  lift  at  11.5° 
angle  of  attack.  A  reduction  of  lift  capability 
of  at  least  15  to  20  percent  is  reflected  in 
the  data  shown  in  figure  18  for  the  40  in/hr 
rain  condition. 

SCALING  CONSIDERATIONS 

The  large-scale  data  were  needed  to 
ascertain  the  utility  of  the  wind-tunnel  test 
technique  for  determining  the  effect  of  heavy 
rain  at  full-scale  conditions.  As  noted  in  the 
work  of  Bilanin  (ref.  19)  difficulties  arise 
when  attempting  to  preserve  all  the  scaling 
parameters  during  model  testing.  The 
functional  form  of  the  Reynolds  number  is 
linearly  dependent  on  the  test  velocity; 
therefore,  as  the  model  size  is  decreased  the 
test  velocity  must  increase  to  preserve  full- 
scale  Reynolds  number.  Weber  number,  on 
the  otherhand,  varies  as  the  square  of  the 
test  velocity  and,  as  a  result,  these  two 


parameters  cannot  be  preserved 
simultaneously. 

Operational  difficulties  in  achieving  the 
desired  drop  size  distribution  and  rain 
intensity  level  in  the  wind  tunnel  were  also 
identified.  The  wind  tunnel  rain  simulation 
technique  developed  during  the  small-scale 
tests  identified  an  inherent  difficulty  in 
producing  large  size  drops  typical  of  natural 
rain  while  at  the  same  time  achieving  the 
desired  rainfall  intensity  and  drop  size 
distribution  (ref.  20).  When  water  is 
injected  into  a  high  velocity  airstream  at  a 
velocity  substantially  less  than  the 
airstream  velocity,  the  larger  drops  that 
form  shatter  and  break  up  into  much  smaller 
drops.  Although  this  difficulty  can  be 
alleviated  by  increasing  the  water  injection 
pressure  so  that  the  initial  drop  velocity 
approaches  the  airstream  velocity,  the 
resulting  rainfall  intensity  tends  to  be  too 
high.  The  small-scale  tests  indicated  that  the 
drop  size  distribution  and  the  rainfall 
intensity  levels  were  a  function  of  the  nozzle 
design,  the  water  injection  pressure  and  the 
airstream  velocity. 

Determination  of  rainfall  rate  using  the  wind- 
tunnel  test  technique  was  subject  to 
measurement  error  (ref.  22).  In  a  wind- 
tunnel  environment,  LWC  is  expressed  as  a 
function  of  the  spray  area,  mass  flow  rate, 
and  the  freestream  velocity.  A  flowmeter 
measured  the  mass  flow  rate  through  the 
manifold.  The  spray  width  and  height  were 
photographically  obtained  at  the  model 
location  using  a  fluorescent  dye,  an 
ultraviolet  strobe  light  to  enhance  the 
photographic  qualities  of  the  spray  and  a 
nearfield  linear  length  reference.  Due  to  the 
dynamic  nature  of  water  drops,  the 
boundaries  of  the  spray  region  at  any  instant 
in  time  are  not  precisely  straight  lines, 
therefore  an  inherent  inaccuracy  in  deriving 
the  spray  area  by  photographic  means  lies  in 
the  possible  error  involved  in  subjectively 
determining  the  usable  spray  region 
boundaries. 

Despite  the  noted  difficulties,  the  wind- 
tunnel  technique  appears  to  provide  a  valid 
estimate  of  the  effects  of  heavy  rain  at  full 
scale  conditions  (ref.  26).  The  lift 
coefficients  predicted  for  the  ALDF  large- 
scale  configuration  using  the  wind-tunnel 
data  are  shown  in  figure  19  along  with  the 
ALDF  large-scale  data  acquired  at  the  same 


test  conditions.  The  two  sets  of  data  for  the 
dry  wing  agree  quite  well.  The  ALDF  lift- 
curve  slope  and  maximum  lift  measured  show 
excellent  correlation  to  the  wind  tunnel 
predicted  lift  performance  for  that  condition. 
There  appears  to  be  a  reasonable  degree  of 
correlation  between  the  two  data  sets  for  the 
40  in/hr  rain  condition.  An  offset  exists 
between  the  predicted  lift-curve  slope  and 
the  ALDF  lift-curve  slope  in  the  rain.  One 
can  infer  from  the  data  shown  in  figure  19 
that  the  wet  wing  attains  its  highest 
observable  lift  at  approximately  the  same 
angle  of  attack  (between  10°  and  11.5°). 

Comparisons  of  the  angle  of  attack  for 
maximum  lift  and  of  the  percent  iift  loss  in 
the  various  rainfall  conditions  in  the  wind 
tunnel  and  at  large  scale  are  shown  in  figures 
20  and  21.  Based  on  the  comparisons 
available  between  the  limited  hrge-scale 
results  and  the  wind-tunnel  results,  the 
difficulties  in  precisely  simulating  the  rain 
environment  in  the  wind  tunnel  do  not  have  a 
first  order  effect  on  the  impact  of  the  test 
results.  It  appears  that,  to  first  order,  rain 
scale  effects  are  not  large  and  that  wind- 
tunnel  results  can  be  used  to  predict  large- 
scale  heavy  rain  effects. 

CONCLUDING  REMARKS 

The  work  described  herein  is  aimed  at 
developing  test  techniques  and  tools  for 
providing  data  which  can  eventually  be  used 
to  assess  the  influence  of  heavy  rain  on 
airplane  operations.  These  analysis  methods 
and  test  techniques  will  provide  valuable 
insight  into  the  interpretation  of  heavy  rain 
effects  testing  of  airplane  configurations. 

The  large-scale  results  are  not  directly 
applicable  to  any  airplane  configuration  but 
are  applicable  to  understanding  and 
interpreting  future  wind-tunnel  tests. 

The  preliminary  findings  of  the  large-scale 
testing  would  seem  to  support  earlier  wind- 
tunnel  studies  of  the  effect  of  very  heavy 
rain  on  airfoil  performance.  Extremely 
heavy  rain  of  40  in/hr  produced  a  reduction 
in  maximum  achievable  lift  coefficient  of  at 
least  15  to  20  percent  and  an  approximate 
reduction  in  the  angle  of  attack  at  which  the 
maximum  observed  lift  occurred  of  4°  to  6°. 
Results  of  these  small-scale  studies  had 
shown  that  a  two-phase  flow  environment 
representing  a  high-intensity  rainfall  reduced 
the  maximum  lift  by  as  much  as  20  percent 


and  increased  the  drag.  Additionally,  the 
stall  angle  was  reduced  4  to  8  degrees  in  the 
heavy  rain  environment.  The  simulated  rain 
seems  to  have  little  influence  on  the  lower 
angle-of-attack  airfoil  lift  performance 
characteristics.  The  severity  of  the  effect 
is  airfoil-  and  configuration-dependent  and  is 
most  severe  for  high-lift  configuration 
airfoils,  i.e.,  leading-edge  and  trailing-edge 
devices  deployed.  Based  on  the  wind-tunnel 
and  large-scale  results,  it  would  appear  that 
normal  aircraft  operations  for  transport 
aircraft  would  not  be  affected  by  heavy  rain 
since  most  operations  avoid  high  angle  of 
attack  maneuvers.  However,  if  the  heavy 
rain  encounter  occurs  during  a  severe  low 
altitude  wind  shear  then  the  piloting 
procedures  used  to  counter  the  wind  shear 
effects  may  result  in  operating  at  a  higher 
than  normal  angle  of  attack. 
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Figure  2  -  Climatology  of  instantaneous 
Rainfall  Rates  (as  defined  by 
1  and  4  minute 
accumulations) 
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Figure  5  -  Short-duration,  high- 
intensity  rain  rate 
measurements 
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Figure  1  -  Liquid  water  content  as  a 
function  of  rain  rate 
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Figure  4  -  Distribution  of  rainfall  rates 
measured  for  less  than  10 
secs. 


Figure  5  -  Rain  simulation  system 

mounted  in  Langley  14-  by 
22-Foct  Subsonic  Tunnel 
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Figure  6  -  Typical  wind  tunnel  test  set¬ 
up  for  simulated  rain  effects 
studies 


Figure  7  -  Close-up  detail  of  nozzle  and 
solenoid  arrangement  on  the 
spray  manifold 


Figure  8  -  Three  nozzles  used  to  vary 
the  water  spray 
characteristics.  From  left  to 
right:  5-tube,  7-tube,  and 
commercial  nozzle 
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Figure  9  -  Lift  and  drag  measurements 
on  a  NACA  0012  wing  model 
with  a  00%  chord  flap 
deflected  20°  while 
subjected  to  several  water 
spray  concentrations 
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Photograph  of  64-210  model 
mounted  in  the  wind  tunnel 
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Figure  20  -  Rain  effect  on  stall  angle  of 
attack 
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Rain  effect  on  maximum  lift 
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ABSTRACT 


I.  INTRODUCTION 


Calibration  results  of  liquid 
film  thickness  using  electric 
conductance  sensors  are  presented. 
Two  sensor  types  are  analyzed. 

First,  a  double  electrode  sensor 
whose  calibrations  compensate  liquid 
conductivity  and  secondly,  a  triple 
electrode  sensor  that,  when  properly 
calibrated,  also  compensates 
capacitive  effects.  For  this  second 
type,  the  electrolyitc  effects  can 
also  be  corrected  without  excessive 
errors.  Tests  conducted  on  a 
large-scale  airfoil  under  simulated 
heavy  rain  conditions,  at  NASA 
Langley  Research  Center  are 
described,  and  the  film  thickness 
that  develop,  measured. 

NOMENCLATURE 

d  Diameter  of  electrode 

D  Diameter  of  grounded  ring 

6w  Liquid  dielectric  constant 

h  Liquid  film  thickness 

Iw  Liquid  electric  intensity 

R,  Rl  Circuit  resistances 
V  Applied  voltage 

Vw  Liquid  voltage  drop 

w  Frequency 

Yw  Liquid  conductivity 

Zw  Liquid  impedance 

<P  Defined  by  (2) 

Subscripts 
0  Dry  value 

1  First  electrode 

2  Second  electrode 

3  Third  electrode 


Considerable  number  of 
investigations  have  been  conducted 
in  recent  years  to  determine  the 
aerodynamic  performance  penalties 
created  by  heavy  rain  on  airfoils. 
Haines  and  Luers  (1)  undertook  an 
initial  analytical  study  to  estimate 
the  performance  degradation 
associated  with  heavy  rain.  It  was 
followed  by  a  report  (2)  in  which  it 
was  suggested  that  the  wind 
shear-heavy  rain  coupling  might  have 
been  the  factor  on  several  airplane 
accidents.  They  led  to  the 
preparation  of  Wind  Tunnel  Test 
Programs  for  several  airfoil 
sections  at  different  Reynolds 
numbers  (3)— (6) ,  that  indicated 
important  reductions  in  maximum  lift 
and  stall  angle  and  increase  in  drag 
coefficients.  These  studies  document 
the  heavy  rain  effects  on 
small-scale  airfoil  sections.  To 
understand  its  extrapolation  to  full 
scale,  an  study  was  undertaken  (7), 
and  the  parameters  involved  in  the 
scaling  process,  defined.  Because 
of  the  complexity  of  the  scaling 
laws,  NASA  decided  to  conduct  tests 
on  a  large-scale  airfoil  (8), 
finding  for  the  same  airfoil 
section,  lift  reductions  of 
comparable  magnitude  to  the  ones 
obtained  in  the  Wind  Tunnel  tests. 
Complete  overviews  of  heavy  rain 
effects  on  airfoil  aerodynamics  are 
presented  in  refs.  9  and  10. 
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Although  quantification  of  the 
performance  degradation  has  been 
established  for  different  airfoils, 
there  is  not  still  a  comprehensive 
understanding  of  its  basic  causes. 
The  most  probable  underlying  reason 
is  that  a  complete  study  of  the  wet 
airfoil  aerodynamics  requires 
substantial  knowledge  of  the  complex 
two-phase  flow,  dominated  by  the 
interaction  between  the  air  boundary 
layer  and  the  surface  water  film. 
That  process  should  take  into 
account:  film  waviness,  drop 
cratering,  incoming  and  ejected 
droplets'  interchange  of  momentum 
and  energy  with  the  airfoil  air 
boundary  layer,  etc.  In  order  to 
throw  light  on  the  physics  of  the 
splash-back  phenomenon,  some 
preliminary  studies  have  been 
conducted  (11,12).  The  water  film 
thickness  appears  connected  to  all 
of  the  above  mentioned  physical 
processes,  and  therefore  its 
determination  is  now  considered 
necessary  both  by  theoretical  and 
experimental  means. 

A  known  procedure  to 
experimentally  determine  a  liquid 
film  thickness  is  based  on  measuring 
its  electrical  conductance.  It  can 
be  accomplished  by  connecting  a 
conductance  measuring  circuit  to  a 
pair  of  electrodes,  mounted  flush  to 
the  surface.  Determination  of  the 
water  conductance  value  was  the 
method  initially  employed  in  a  group 
of  heavy  rain  airfoil  film  thickness 
measurements  (13,  14).  However,  the 
measure  of  the  water  conductance 
left  uncompensated  its  conductivity 
and  considerable  errors  in  the  film 
thickness  measured  appeared. 
Modification  of  the  procedure  was 
later  proposed  by  the  introduction 
of  another  electrode  (15),  and  the 
values  obtained  by  the  indicated 
method,  were  effectively  independent 
of  water  conductivity.  Some 
measurements  using  the  double 
electrode  sensor  concept  are 
reported  in  Ref.  16. 


But  the  double  electrode  method 
had  another  inherent  built-in  effect 
that  was  not  considered.  The 
conductance  measuring  circuit 
requires  an  AC  signal  as  electrical 
source.  The  signal  frequency  is 
chosen  to  minimize  water 
polarization,  but  it  does  not 
achieve  its  total  elimination.  This 
effect  is  responsible  for  the 
liquid's  capacitive  behavior  that, 
unless  properly  compensated,  results 
in  errors  not  yet  accounted.  The 
water  capacitance  compensation  is 
specially  relevant  for  the  type  of 
heavy  rain  measurements  that  we  are 
concerned  here.  The  fast  moving 
liquid  film  on  top  the  sensor 
generates  irregular  patterns  made  of 
thin  water  rivulets,  air  bubbles, 
etc.,  resulting  in  water  conductance 
differences  when  compared  with  the 
same  type  of  water  film  standing 
still  (Static).  The  practical 
consequence  is  that  the  calibration 
of  some  water  in  a  static  condition 
by  the  double  electrode  method,  will 
not  strictly  apply  to  heavy  rain 
film  measurements  of  the  same  water 
type,  unless  some  new  sensor  and 
calibration  procedure  are  devised, 
in  which  the  dynamic  conditions  are 
properly  taken  care  of. 

The  purpose  of  this  study  is  to 
extend  the  double  electrode  device, 
by  the  inclusion  of  yet  another 
third  electrode  to  the  sensor,  in  a 
way  that  the  compensation  performed 
by  the  sensor  is  complete.  It  is 
also  intended  to  establish  a  new 
film  thickness  calibration  procedure 
that  is  finally  independent  of  the 
liquid  dielectric  constant 
eliminating  the  instrument 
capacitive  effects.  Once  this  is 
done,  the  electrolytic  effects,  that 
are  responsible  for  creating 
deposits  at  the  electrode's 
surfaces,  may  be  included  as 
corrections  to  the  clean  calibration 
lines.  Being  the  long-term  objective 
in  this  effort,  to  define  and 
fabricate  an  instrument  with  the 
capability  of  accurately  measuring 
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water  films  on  airfoil  surfaces 
under  heavy  rain  environments,  some 
experiments  have  been  performed  and 
are  presented  in  section  IV.  They 
have  been  obtained  using  a  triple 
electrode  sensor  installed  on  a 
large-scale  airfoil.  These  tests 
took  place  at  NASA-Langley ' s 
acceleration  track  (Aircraft  Landing 
Dynamics  Facility),  which  was 
supplemented  with  a  Rain  Simulation 
System. 

II.  THEORETICAL  BACKGROUND 

The  conductance  measuring 
circuit  employed  here  is  sketched  in 
Fig.  1.  The  measurement  of  Vw  is 
directly  related  to  the  liquid 
impedance  Z  W  by: 


V 


Vw  = 


Define  <p  = 


R+Rl 

-i- 

R 

R1 

Zw 

1 

1 

Vw 

Vwo 

(1) 


(2) 


being  Vwo  the  voltage  measured  when 
dry.  Substitution  of  (1)  into  (2) 
and  expansion  yields: 


4>  = 


R 

V 


(3) 


which  means  that  <p  is  proportional 
to  the  liquid  conductance. 
Independently  of  the  supplied 
frequency,  the  liquid  equivalent 
impedance  is  represented  in  Fig.  2. 
One  capacitor,  CwP,  is  dominant  at 
low  frequencies  and  represents  the 
liquid  polarization,  while  Cws,  that 
gets  larger  as  the  frequency 
increases,  is  representative  of  the 
sensor  geometry  and  cables. 
Therefore: 

Vw  =  f ( Iw, w, Yw, 6w, h, D, d } 
which  says  that  the  measured  voltage 


is  an  unknown  function  of  the 
independent  variables  that  result 
from  the  electric  circuit,  the  type 
of  liquid  and  the  geometrical 
dimensions  involved.  They  can  be 
grouped  in  four  non-dimensional 
parameters,  that  is: 


YwD 


-  r  Yw  d  h  -i 

=  / - , - , - 

*■  W6w  D  D  3 


(4) 


Iw  L  W6w 

Or  in  the  terms  of  <p: 
V0  r  Yw  d  h 


RYwD 


iw  a  n  - 

L  W£w  D  D  - 


(5) 


If  only  one  electrode  (plus  the 
one  connected  to  ground)  is  used, 
the  film  thickness  h  is  determined 
by  the  sensor  geometrical 
dimensions,  the  known  electric 
circuit  constants,  the  measured  <p, 
the  liquid  conductivity  Yw  and  the 
parameter  Yw/wew.  Then,  if  <p  is 
plotted  vs  h  (for  a  given  sensor), 
there  will  be  as  many  lines  as  pairs 
of  (Yw, Yw/wew),  as  is  schematically 
indicated  in  Fig.  3,  and  there  will 
not  be  a  unique  h  value  for  a  <p 
measured. 

Using  a  second  electrode,  very 
thin  so  is  insensitive  to  film 
thickness  (15),  we  have: 


<Pt  = 

<p  2  — 

<Pr 
4>: 


RDi 

V 

RDz 


Yw 


-YwFi 


-YwFa 


i  i 

W£w  Di  Da 
Yw 


•  IW  02  - 

f 

-  ufu  n-»  - 


wew 
Yw  da 


D2 

d2 


-  F  1  2 


III 

W£w  Di  D2 


— ] 
D»  -I 


(6) 


(7] 


(8) 


If  <t>i/'<t>2  is  plotted  vs  h,  the 
direct  dependency  with  Yw  has 
disappeared,  but  the  parameter 
Yw/w£w,  indicative  of  the  capacitive 
effects,  still  remains  as  shown  in 
Fig.  4. 
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In  order  to  eliminate  the 
capacitive  effects,  another 
electrode  is  introduced.  A  new  <p 3 
is : 

RD3  r  Yw  d3  h  "1 

<P a  -  - YwFs  - , - , - 

V  *-  W6w  D3  D3 

then: 

<p 3  r  Yw  d 2  ds  h  -i 


<P  2  W£w  D2  D3  D3  ^ 

The  parameter  Yw/wew  can  now  be 
eliminated  between  F12  and  F23  and 
plotting  (p3 / 02  vs  h,  and  (pi/<p2  being 
included  as  a  parameter,  a  unique 
value  for  the  film  thickness  follows 
(Fig.  5). 

III.  CALIBRATIONS 

UJLJlj  Experimental  apparatus 

The  experimental  system  used  in 
the  calibration  of  sensors  consists 
of  three  elements:  The  calibration 
unit, the  electrodes  and  the 
conductance  measuring  circuit.  Brief 
description  of  each  follows: 

Calibration  unit:  The  test  surface 
is  a  flat  stainless  steel  disk.  It 
is  supplemented  with  a  bridge 
incorporating  a  needle  and  a 
micrometer  (resolution  0.01  mm) 

(Fig.  6).  Readings  are  made  visually 
with  backlight  illumination  at  the 
touch  of  the  needle  with  the  liquid, 
and  checked  simultaneously  with  a 
contact  electric  circuit.  The  sensor 
is  located  beneath  the  needle. 

Electrodes:  Two  types  of 
arrangements  have  been  used.  First, 
a  double  electrode,  in  which  the 
conductance  ratio  obtained  is 
independent  of  liquid  conductivity. 
Second,  a  triple  electrode  in  which 
the  instrument  capacitive  effects 
are  also  eliminated.  In  both  cases, 
the  configuration  used  were 
cylindrical  corrosion-resistant 


electrodes,  mounted  in  an  insulating 
plastic  and  located  flush  to  the 
surface  (Fig.  7).  The  larger  ring 
(ground),  forms  the  double  electrode 
sensor.  The  triple  electrode  sensor 
is  formed  by  both  rings,  and  the 
larger  diameter  electrode  inside  the 
smaller  ring  is  also  connected  to 
ground.  In  this  manner,  the  double 
electrode  sensor  acts  as  a 
completely  independent  unit. 

Conductance  measuring  circuit:  The 
circuit  used  to  measure  the  liquid 
conductance  on  top  of  the  electrodes 
is  the  same  as  was  shown  in  Fig.  1. 
It  is  followed  by  the  electronic 
conditioning  elements  before  they 
are  supplied  to  the  Data  Acquisition 
System  as  a  DC  (Fig.  8).  III. 2. 

III. 2.  Calibration  results 

Calibrations  with  water  in 
static  and  dynamic  conditions  are 
being  considered.  First,  the  liquid 
is  standing  still  on  top  of  the 
sensor  (Static  calibration).  Second, 
drops  being  the  result  of  a  0.8  mm 
broken  water  jet  with  velocity  of  20 
m/sec  are  made  to  impact  on  the 
sensor  and  its  vicinity  (Dynamic 
calibration).  In  this  manner,  it  is 
demostrated  how,  different 
conditions  are  absorbed  by  the 
double  and  triple  electrode  methods. 

Clean  sensor  calibrations: 
Calibrations  are  made  with  polished 
electrodes.  The  results  for  the 
double  and  triple  electrode  sensors 
are  shown  in  figs.  9  and  10, 
respectively.  They  include  both, 
static  and  dynamic  calibrations.  The 
static  ones  have  been  performed  with 
three  water  types  (tap,  filtered  and 
distilled),  and  the  dynamic  one  only 
with  tap  water.  For  the  double 
electrode  sensor,  the  uncertainty  is 
±0.04  mm.  for  the  lower  part  of  the 
range  and  increasing  up  to  ±0.10  mm. 
for  the  upper  part  (near  0.5  mm). 

The  mean  uncertainty  for  the  whole 
range  in  the  triple  electrode  case 
is  obtained  to  be  ±0.025  mm,  which 


is  of  the  order  of  the  inherent 
error  in  the  measurement  method 
employed . 

Sensor  electrolytic  effects:  It  is 
known  that  the  applied  AC  voltage 
circulates  through  the  liquid  by  an 
electrolytic  process.  That  is, 
inside  the  electrolite,  the  electric 
energy  transfer  is  made  by  ions 
present  in  the  liquid.  A 
transformation  of  these  ions  takes 
place  at  the  surface  of  the 
electrodes,  by  depositing  of 
substances,  effectively  changing  the 
conductance,  as  it  is  measured  by 
the  circuit  defined  in  Fig.  1.  The 
amount  of  deposits  are  dependent  on 
liquid  composition  and  temperature, 
geometry  of  the  electrodes  and  the 
electrical  variables  in  the  circuit. 


As  an  example,  the  sensors  have 
been  exposed  to  tap  water  with  the 
electric  current  in  circulation  for 
9  hours.  Results  are  compared  with 
the  ones  obtained  when  the  sensors 
are  clean.  For  the  double  electrode 
sensor  it  is  shown  in  Fig.  11.  Now, 
the  uncertainty  increases  to  ±0.05 
mm  at  h=0.05  mm  and  ±0.20  mm  at 
h=0.S  mm.  The  triple  electrode 
sensor  calibration  is  transformed 
into  one  equivalent  to  the  clean 
sensor,  but  with  the  lines 
Ri2=0i/#2=const,  displaced  (Fig. 

12).  The  displacement,  for  a  given 
sensor,  is  a  function  of  liquid 
composition  only.  Tap  water  has  been 
used,  because  among  the  different 
water  types,  is  the  one  that  will 
produce  more  deposits  and  therefore 
larger  differences.  Taking,  as  the 
correction  for  electroplating,  lines 
that  are  displaced  a  fifty  percent 
on  the  plots,  the  error  obtained 
when  these  corrected  lines  are  used 
is  now,  ±0.04  nun  for  the  whole 
range . 


calibration  lines  (Fig.  9)  have 
shown  the  differences  that  exist 
between  the  same  water  type  in 
static  and  the  dynamic  conditions 
tested  in  the  laboratory.  The  triple 
electrode  calibration  lines  have  a 
built-in  compensation  by  the  use  of 
two  parameters,  Ri?.=<pi/<p?.  and 
K=<p3  / <p\.+<p3/ <pz ,  and  any  dynamic 
condition  will  be  measured  without 
nominal  errors. 

Then,  a  triple  electrode  sensor 
type  was  chosen  for  evaluation  and 
mounted  on  an  airfoil,  that  was 
planned  to  be  tested  under  a  heavy 
rain  environment.  Two  main  reason 
induced  to  perform  those 
experiments: 

1)  To  show  the  possibility  of  using 
this  sensor  type  in  real  heavy 
rain  conditions,  and 

2)  To  provide  information  of  the 
film  thickness  that  exists  on 
the  airfoil  configuration  in 
some  specific  testing 
conditions. 

The  sensor  was  installed  on  the 
lower  surface  of  a  large-scale 
airfoil  mounted  on  a  towing-type 
carriage.  This  is  part  of  a  Facility 
that  exists  at  the  NASA  Langley 
Research  Center,  and  has  been 
modified  for  the  Heavy  Rain  Effects 
Program  (17).  The  sensor  was  located 
on  the  lower  surface  at  10%  of  the 
chord  from  the  leading  edge  of  the 
model,  which  is  a  3  meters  chord 
64-210  airfoil  section  in  a  landing 
configuration,  with  slat  and  flaps 
extended  (Fig.  13).  The  testing 
track  was  supplemented  with  an 
overhead  rain  simulation  system 
extending  for  approximately  150 
meters  of  track  length. 

The  test  conditions  for  which 
results  are  presented  here  are: 

Angle  of  attack:  a  =  7.5° 

Air  velocity:  V  *=  52  m/sec. 

Rain  rate:  RR  «  482  mm/hour 

(*15  gr  watx.-’  /in3 ) 


The  double  electrode  sensor 


) 
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The  same  cable  configuration  and 
Data  Acquisition  System  were  used  at 
the  test  and  at  the  laboratory 
calibration. 

The  time  history  for  the 
voltages  (Vi  )  and  conductances  (<p i  ) 
are  presented  in  Figs.  14  and  15.  it 
should  be  noticed  that  those  jumps 
are  truch  smaller  than  anything 
possible  with  tap  water  in  static 
conditions ,  and  the  trend  's 
consistent  with  dynamic  laboratory 
calibration  results.  From  the  $ i 
values,  the  time  history  of  the 
parameters  R12  and  K  are  obtained 
and  shown  in  Fig.  16.  At  specified 
time  intervals,  each  pair  of  Rla  and 

u?e-  nes  a  un:‘-clue  h  value,  that  is 
obtained  from  the  corresponding 
caliDration  plot.  The  film  thickness 
tnat  results,  is  represented  in  Fig. 


3k-£Qi!£LUPING  Remarks 

Liquid  film  thickness  electric 
conductance  sensor  calibrations  and 
measurements,  taken  under  a 

fumUi;^ed  heavy  rain  environment,  at 
the  -LASA  Langley  Research  Center, 
have  provided  the  following 
information: 


a)  Single  electrode  sensors  are 
only  suitable  to  measure  liquid 
f ilm  thickness  if  identical 
liquid  sample  conditions  can  be 
assumed  to  exist  between  the 
test  and  the  laboratory 
calibration. 


Rain  applications. 

3)  Triple  electrode  sensors 
compensate  not  only  liquid 
conductivity,  but  the  sensor 
capacitive  effects.  After  an 
appropiate  calibration  method  is 
established,  they  are  valid  for 
any  liquid  type  and  condition; 
therefore,  these  sensors  are 
considered  suitable  for  Heavy 
Rain  applications.  The  mean 
error  obtained  in  the 
calibration  presented  here  is 
±0.025  mm  for  measurements  in 
the  0-0.5  mm  range. 

4)  Electroplating  effects  can  be 
corrected  for  the  triple 
electrode  calibration  lines.  An 
increase  of  the  mean  error  to 
±0.04  mm,  after  a  9  hour 
operation,  may  be  considered 
typical. 

5)  Triple  electrode  sensor  film 
thickness  measurements  conducted 
on  a  large-scale  airfoil,  under 
simulated  heavy  rain  conditions, 
at  the  NASA  Langley  Research 
Center  acceleration  track 
(ALDF) ,  has  shown  consistent 
trends  with  the  values  found  at 
the  laboratory  dynamic 
calibrations.  A  wavy  water  film, 
with  a  peak  of  approximately  0.3 
mm,  has  been  found  at  the 
conditions  indicated  in  Section 
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FIG. 12.-  TRIPLE  ELECTRODE  CALIBRATION  RESULTS  AFTER 
9  HOURS  OF  TAP  WATER  CONTAMINATION. 
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FIG. 13.-  AIRFOIL  MODEL  WITH  LEADING-EDGE  SLAT  AND 
TRAI LING-EDGE  FLAPS  EXTENDED. 
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SUMMARY 

The  effects  of  simulated  heavy 
rainfall  on  a  2-D  high  lil  airfoil  have 
been  studied  in  a  wind  tunnel  experimental 
programme.  The  experiment  was  carried  out 
in  the  2-dimensional  test  section  of  the 
1.5m  X  1.5m  blowdown  wind  tunnel  of  the 
High  Speed  Aerodynamics  Laboratory.  The 
model  used  in  the  investigation  was  a 
modified  NACA  652215  multi-element  airfoil 
with  a  basic  chord  of  254  mm.  The  Mach 
number  was  fixed  at  M=0.2,  typical  of  the 
landing  speed  of  transport  type  aircraft. 
The  chord  Reynolds  number  range  was  1.7  to 
8.8x10s. 

Measurements  included  lift,  drag  and 
pitching  moment  of  the  airfoil  obtained  by 
side  wall  balances  and  the  flow  rate  from  a 
water  spray  manifold. 

The  effects  of  the  simulated  rainfall 
to  the  airfoil  performances  are  very 
significant.  The  loss  in  maximum  lift 
coefficient  ranged  from  6%  to  a  high  of 
16%.  The  drag  levels  at  constant  lift  are 
up  to  43%  higher  under  wet  conditions.  A 
smaller  performance  degradation  was  noted 
when  the  model  was  stripped  of  the  smooth 
epoxy  paint  with  which  it  was  originally 
finished. 


Symbols 

C„  drag  coefficient 

CL  lift  coefficient 

Ca  pitching  moment  coefficient  about 
quarter  chord 

LWC  liquid  water  content,  gm/m3 
M  freestream  Mach  number 

RR'  equivalent  rainfall  rate  at  Rc  = 

8.8x10s,  (50  nun/hr) 

RR.  equivalent  rainfall  rate,  mm/hr 
R0  Reynolds  number  based  on  basic  model 
chord  (254  mm) 

AC0  drag  coefficient  increment  between  wet 
and  dry  conditions  at  constant  lift 
ACl  lift  coefficient  increment  between  wet 
and  dry  conditions  at  constant  lift 
AC„  pitching  moment  coefficient  increment 
between  wet  and  dry  conditions  at 
constant  lift 

AC0*  "normalized"  drag  coefficient 
increment  between  wet  and  dry 
conditions  at  constant  lift, 

AC0/RR,*RR* 

ACl‘  "normalized"  lift  coefficient 
increment  between  wet  and  dry 
conditions  at  constant  lift, 

AC^/RR,  •  RR’ 

AC„*  pitching  moment  coefficient  increment 
between  wet  and  dry  conditions  at 
constant  lift,  ACn/RR, ’RR* 
a  angle  of  attack 


INTRODUCTION 

In  recent  years  there  have  been  a 
number  of  spectacular  and  often  fatal 
weather  related  aircraft  accidents  which 
received  a  lot  of  attention  from  the  news 
media  and  the  concern  of  scientific 
community.  The  most  likely  cause  of  these 
weather  related  accidents  is  a 
meteorological  phenomenon  called  the 
microburst.  Severe  low  altitude  wind  shear 
has  been  noted  as  the  major  factor  in  a 
microburst,  however,  heavy  rainfall  is  also 
observed  most  of  the  time  during  a 
microburst  sighting  (Reference  1).  An 
initial  study  by  Luers  and  Haines 
(Reference  2)  on  the  effects  of  rain  on 
aircraft  aerodynamic  characteristics 
generated  substantial  interest  in  this 
area.  A  number  of  experimental  and 
theoretical  studies  (Reference  2-7)  have 
since  been  published.  Most  of  the 
experimental  works  were  carried  out  in 
relatively  low  Reynolds  number,  around  Rc  = 
3xl05,  with  the  exception  of  Reference  5, 
which  went  up  to  Rc  =  3.3  million. 

Reference  7  gives  a  succinct  account  of  the 
results  obtained  in  various  investigations. 
In  general,  most  results  show  a  substantial 
reduction  in  maximum  lift  coefficient  under 
simulated  heavy  rain  conditions.  The 
airfoil  performance  degradation  has  been 
attributed  to  the  uneven  water  film 
distribution  over  the  model  surfaces,  early 
flow  separation  due  to  the  introduction  of 
minute  droplets  as  a  result  of  rain  impact 
on  the  airfoil  and  surface  roughness 
effects.  Water  also  tends  to  accumulate 
towards  the  airfoil  trailing  edge, 
effectively  changing  the  camber. 

This  paper  describes  the  measurements 
carried  out  in  the  2-D  test  section  of  the 
IAR  blowdown  wind  tunnel.  Data  are 
presented  for  the  force  and  moment 
coefficients  on  the  model  under  simulated 
rainfall  rates  of  50  mm/hr  to  300  mm/hr.  It 
should  be  noted  that  a  rainfall  rate  of  1 
mm/hr  is  classified  as  light  rain;  whereas 
heavy  rain  is  usually  referred  to  a  rate  of 
about  15  mm/hr.  The  term  'cloudburst'  is 
reserved  for  the  description  of  rainfall 
rates  in  the  range  of  100  mm/hr  to  1000 
mm/hr.  Although  the  occurrence  is  very 
rare,  rainfall  rates  of  up  to  1828  mm/hr 
have  been  recorded. 

TEST  FACILITY 

The  experiments  were  conducted  in  the 
Institute  for  Aerospace  Research  1.5m 
blowndown  wind  tunnel.  The  2-dimensional 
test  section  (38  cmxl52  cm)  of  the  wind 
tunnel  as  shown  in  Figure  1  was  used.  The 
model  was  locaced  approximately  240  cm 
downstream  of  tne  start  of  the  parallel 
section.  It  was  mounted  on  two  external 
side  wall  balances  for  measurement  of  axial 
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force,  normal  force  and  pitching  moment. 
Solid  aluminum  plates  were  substituted  for 
the  porous  Rigimesh  panels  normally 
installed  on  the  side  walls  in  the  model 
area.  Thus  no  side  wall  suction  was  applied 
for  the  removal  of  sidewall  boundary  layer, 
as  done  in  more  usual  2D  tests. 

SPRAY  RIG 

The  spray  rig  (Figure  2)  consists 
basically  of  an  accumulator  (20  1 
capacity),  a  turbine  flow  meter  (40 
1/min.),  various  pressure  regulators  and 
valves  plus  a  spray  manifold  designed  and 
assembled  specially  for  these  measurement. 
Filtered  water  can  be  pressurized  up  to  7 
atmosphere  and  be  delivered  at  a  rate  of  up 
to  40  1/min.  The  spray  manifold 
manufactured  from  streamline  tubing,  with 
up  to  seven  commercially  available  spray 
nozzles  was  installed  17  chord  lengths 
upstream  of  the  model  (Figure  3). 

WATER  SPRAY  CHARACTERISTICS 

The  spray  nozzles  have  a  manufacturer 
quoted  droplet  size  of  1000-2000  (im  under 
normal,  i.e.  atmospheric,  operating 
conditions.  Since  the  water  spray  was  to  be 
generated  in  a  pressurized  environment,  a 
direct  measurement  of  the  spray 
characteristics  was  required.  This  was  done 
prior  to  mounting  the  airfoil  model.  An 
optical  array  probe  was  mounted  inside  the 
wind  tunnel  at  the  model  location,  as  shown 
in  Figure  3.  In  an  optical  array  probe  a 
linear  array  of  photodiodes  is  used  as  a 
measuring  grid.  By  means  of  the 
photodetection  electronics  the  size  of  the 
particles  passing  through  the  probe's 
sample  area  are  recorded.  Illumination  is 
provided  by  a  He-Ne  laser.  When  the 
particles  pass  through  the  optical  array 
probe's  sample  area,  the  particle  shadows 
are  projected  on  the  array  of  photodiode 
elements.  The  loss  of  light  on  an 
individual  element  results  in  a  voltage 
pulse  which  signals  the  presence  and  size 
of  the  particle.  Information  about  the 
droplets  size  and  distribution  as  well  as 
the  rain  rate  were  obtained  by  the  optical 
array  probe. 

A  few  wind  tunnel  runs  were  conducted 
using  different  size  nozzles  and 
arrangements  to  determine  the  resulting 
particle  sizes.  Figure  4  shows  a  typical 
result  of  such  a  measurement,  with  three 
Spray  System  nozzles  (1/2  G15)  installed  on 
the  spray  manifold.  The  measured  water 
droplets  size  ranged  from  under  0.1  mm  to 
about  0.6  mm  in  diameter.  The  majority  of 
the  droplets  are  in  the  range  of  0.2  mm  to 
0.4  mm  in  diameter.  The  rain  rate  was 
calculated  to  be  310  mm/hr  and  the  liquid 
water  content  (LWC)  was  estimated  to  be 
51.8  gm/m3.  The  test  was  done  at  the  lowest 
stagnation  pressure  (19  psia)  possible  to 
protect  the  probe  as  it  is  not  designed  to 
be  used  in  a  pressurized  environment.  The 
water  spray  was  on  for  5  seconds.  The 
freestream  Mach  number  was  M=C.2.  It  should 
be  stated  that  the  droplet  concentration  in 
the  wind  tunnel  was  found  to  be  much  higher 
than  that  of  the  probe's  design  range 
(Reference  8).  Due  to  the  fact  that  water 
droplets  that  contacted  the  probe  arms 
tended  to  stream  back  through  the  sample 
area,  extra  uncertainties  and  difficulties 
were  introduced  to  the  reduced  spray  data. 
It  was  estimated  (Reference  8)  that  the 


deduced  LWC  of  the  water  spray  could  in 
some  cases  be  high  by  a  factor  of  two. 

The  LWC  of  the  water  spray  was  also 
obtained  from  the  ratio  of  water  flow  rate 
of  the  spray  manifold  and  the  wind  tunnel 
air  mass  flow  rate.  The  water  flow  rate  was 
measured  to  be  0.448  1/sec.  which 
corresponded  to  a  equivalent  rain  rate  of 
290  mm/hr.  This  estimation  of  rain  rate 
compared  quite  well  with  the  optical  array 
probe  data  and  was  adopted  as  a  valid  means 
of  measuring  the  equivalent  rain  rate  in 
the  wind  tunnel  for  wind  tunnel  runs  at 
pressures  higher  than  19  psia.  In  general, 
the  agreement  between  the  two  sets  of 
measurement  are  within  +20%  of  each  other. 

MODEL 

The  airfoil  model  used  in  this 
investigation  has  a  modified  NACA  65j-215 
airfoil  section.  It  has  a  basic  chord  of 
254  mm  and  a  thickness  to  chord  ratio  of 
0.15.  It  features  an  18%  leading  edge  slat, 
a  13%  subsidiary  trailing  edge  flap  and  a 
32%  main  trailing  edge  flap  (Figure  5).  The 
model  was  used  in  the  landing 
configuration,  with  the  leading  edge  slat 
at  48°  and  the  main  trailing  edge  flap  at 
47.5°.  The  main  element  of  the  airfoil  was 
painted  with  aircraft  grade  epoxy  paint 
that  was  stripped  for  the  last  phase  of  the 
test  to  investigate  the  effect  of  a 
different  surface  finish  on  the  airfoil 
performance  under  wet  conditions. 

TEST  PROCEDURE 

The  wind  tunnel  operating  conditions, 
model  orientation  and  spray  rig  operation 
were  all  pre-programmed  and  controlled  by 
computer.  Upon  achieving  the  desired  tunnel 
operating  conditions,  the  model  angle  of 
attack  would  vary  from  nominally  -10°  to 
20°  at  a  rate  of  1.5°  per  sec.  to  acquire 
the  base  line  'dry'  data.  The  water  spray 
was  then  turned  on  automatically  and  the 
model  would  repeat  the  same  angle  of  attack 
range  for  the  'wet  data'.  Data  were 
acquired  (through-out  the  run)  at  100 
Hz /sec.  The  tunnel  was  kept  running  for 
another  5  seconds  after  the  water  spray  had 
been  shut  off  to  drive  water  out  of  the 
test  section. 

RESULTS  AND  DISCUSSION 

Case  1  (Low  Reynolds  number) 

The  variation  of  lift  coefficient  with 
angle  of  attack  at  a  freestream  Mach  number 
of  M=0.2  and  chord  Reynolds  number  of 
1.7xl06  for  the  cry  and  wet  cases  are  shown 
in  Figure  6.  With  the  water  spray  off,  a 
maximum  CL  of  2 . 85  was  achieved  at  an  angle 
of  attack  of  13°.  with  the  water  spray  on 
the  maximum  CL  was  only  2,4,  a  reduction  of 
about  16%  as  compared  to  the  dry  case.  It 
is  interesting  to  note  that  for  the  wet 
case  the  maximum  CL  occurred  at  a  higher 
angle  of  attack,  about  16°  versus  13a  for 
the  dry  case.  This  increase  in  the  maximum 
lift  angle  was  also  observed  in  Reference  7 
although  a  single  element  airfoil  was  used 
in  that  case.  Two  different  but  quite  close 
rain  rates  (280  mm/hr  and  300  mm/hr) 
results  are  shown  in  this  figure.  Both  lift 
curves  for  the  spray  on  cases  show 
considerable  irregularity,  especially  in 
the  300  mm/hr  rain  rate  case,  and  the  stall 
characteristics  are  different.  At  this  low 
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Reynolds  number  the  water  film  that  formed 
on  the  model  was  probably  very  uneven  and 
is  believed  to  be  the  main  cause  for  the 
non-uniform  lift  curves.  The  mean  lift 
curve  slopes  are  significantly  lower  for 
the  water  spray  on  (dCL/da  =  0.052)  than 
for  the  off  conditions  (dCL/da  =  0.064). 

Figure  7  shows  the  drag  polars 
obtained  under  the  same  test  conditions. 

For  a  lift  coefficient  of  1.8,  the  drag 
coefficient  was  increased'  by  30%  for  the 
wet  cases.  At  the  higher  lift  coefficient 
of  2.3,  the  drag  penalty  was  up  to  43% 
higher  under  wet  conditions. 

Figure  8  shows  the  variation  of 
pitching  moment  coefficient  with  angle  of 
attack.  The  changes -due  to  increasing  angle 
of  attack  is  more  gradual  under  wet 
conditions.  At  higher  angles  of  attack,  the 
curves  tend  to  converge  to  the  same  value 
under  wet  or  dry  conditions.  Pitching 
moment  is  significantly  increased  by  the 
presence  of  water. 

Case  2  (Moderate  Reynolds  number) 

Figure  9  shows  the  lift  curves 
obtained  at  a  chord  Reynolds  number  of 
4.6x10s.  The  wet  condition  results  were 
obtained  at  lower  rain  rates,  75  mm/hr  and 
100  mm/hr  than  the  first  case.  The  effect 
of  the  change  in  rain  rate  results  in 
clearly  measurable  differences  in  CL.  It 
will  be  noted  that  the  lift  curves  are  now 
much  smoother  as  compared  with  the  lower 
Reynolds  number  case.  A  maximum  lift 
coefficient  of  about  2.65  is  obtained  at  an 
angle  of  attack  of  about  15°  under  wet 
conditions,  while  a  maximum  lift 
coefficient  of  2.9  is  obtained  under  dry 
condition  at  an  angle  of  attack  of  about 
16°.  The  increase  in  maximum  lift  under  dry 
conditions  at  this  higher  Reynolds  number 
is  to  be  expected.  The  reduction  of  about 
9%  in  maximum  lift  coefficient  under  wet 
condition  is  observed.  It  should  be  noted 
that  the  decrease  in  lift  under  wet 
conditions  is  constant  over  the  entire 
angle  of  attack  range  which  is  not  the  same 
as  in  Case  1. 

Figure  10  shows  the  drag  polars 
obtained  at  Rc  =  4.6x10s.  The  drag  penalty 
under  wet  condition  at  low  lift  is 
relatively  low,  about  9%  at  a  CL  of  1.8. 

This  was  increased  to  19%  at  a  CL  of  2.3. 

At  their  respective  maximum  CL  values,  the 
drag  level  is  almost  identical  under  wet  or 
dry  conditions. 

The  variation  of  pitching  moment 
coefficients  with  angle  of  attack  are  shown 
in  Figure  11.  The  discussion  for  the  lower 
Reynolds  number  case  applies  here  as  well. 

Case  3  (High  Reynolds  number) 

Figure  12  shows  the  lift  curve 
obtained  at  a  chord  Reynolds  number  of 
8.8x10s,  which  is  a  more  realistic  value 
for  a  transport  type  aircraft  at  landing 
configuration,  and  at  a  rain  rate  of  50 
mm/hr.  Also  shown  on  the  same  figure  are 
lift  curves  from  the  previous  two  cases  for 
comparison.  Note  that  the  rain  rates  are 
not  the  same  for  all  cases.  With  this 
difference  in  mind,  it  can  be  seen  that 
under  wet  conditions,  the  lift  curve  slopes 
are  getting  steeper  as  the  Reynolds  number 
increases  from  1.7x10s  to  8,8x10s,  which  is 


the  usual  Reynolds  number  effect,  while  at 
*"he  same  time  the  stall  angle  decreases 
from  16°  to  14°.  The  latter  is  believed  to 
be  the  effect  of  increases  in  effective 
rain  rate.  In  the  low  angle  of  attack  range 
(-5°  to  0°),  the  combined  effect  of 
Reynolds  number  and  rain  rate  are  very 
small  among  the  wet  cases.  However,  at  -5° 
the  lift  coefficient  of  the  wet  cases  is 
about  19%  lower  than  that  of  the  dry 
condition.  The  large  variations  in  lift 
among  the  wet  cases  show  up  much  more  at 
higher  angles  of  attack.  The  penalty  due  to 
wet  condition  to  maximum  Ct  for  the  Rc  = 
8.8xios  case  is  about  8.6%. 

Figure  13  compares  the  drag  polars  of 
the  wet  and  dry  conditions  obtained  at  R,.  = 
8.8x10s.  At  low  lift  coefficient,  the 
differences  between  the  dry  and  wet  cases 
are  small.  For  the  Rc  =  8.8x10s  case,  at  a 
lift  coefficient  of  1.8,  the  drag  penalty 
due  to  the  wet  condition  is  about  6.7%  and 
that  increases  to  9.5%  at  CL  of  2.3.  The 
drag  level  at  maximum  lift  is  about  the 
same  for  the  wet  and  dry  condition. 

The  pitching  moment  coefficient  curves 
are  shown  in  Figure  14.  At  0°,  there  is  a 
17%  difference  in  the  pitching  moment 
coefficient  between  'wet'  and  'dry'.  The 
difference  is  reduced  to  a  7%  difference  at 
19°. 

The  foregoing  comparisons  in  each  case 
have  all  been  with  respect  to  differing 
rainfall  rates.  In  order  to  separate  the 
effects  of  rainfall  rate  from  Reynolds 
number,  lift,  drag  and  pitching  moment 
coefficients  increment  from  dry  to  wet 
conditions  lave  been  "normalized"  by  the 
ratio  of  the  effective  rainfall  rate  to  the 
effective  rainfall  rate  obtained  at  the  Rc 
=  8.8x10s  condition  (RR./RR*,  where  RR*  =  50 
mm/hr).  The  results  are  shown  in  Figures 
15,  16  and  17  which  plot  ACt*,  AC„*  and  ACB' 
versus  CL.  They  clearly  show  that  the  more 
serious  effects  occur  at  the  higher 
Reynolds  number  cases. 


Case  4  (Surface  Effect) 

The  epoxy  paint  was  stripped  off  the 
model  to  investigate  the  effect  of 
different  surface  finish  when  subjected  to 
heavy  rainfall.  Although  the  bare  metal 
model  finish  is  very  fine,  it  is  however 
not  as  smooth  as  the  painted  surface.  Water 
tends  to  bead  more  readily  on  the  painted 
surface  than  on  the  bare  metal  surface. 

Figure  18  shows  the  CL-a  curves  with 
the  two  different  model  surface  finishes 
obtained  under  the  same  rain  rate  (50 
mm/hr)  and  at  the  same  Reynolds  number  of 
8.8x10s.  When  compared  to  the  results 
obtained  from  the  dry  condition,  the 
painted  surface  data  show  a  larger  (8.6%) 
degradation  in  lift  than  that  from  the 
metal  surface  data  (5.9%).  The  decrease  in 
lift  is  almost  constant  in  magnitude 
through-out  the  entire  angle  of  incidence 
range. 


CONCLUSIONS 

The  following  conclusions  are  drawn 
based  on  the  limited  amount  of  data 
obtained  from  the  wind  tunnel  measurement: 


Simulated  rainfall  rates  of  50  mm/hr 
to  over  300  mm/hr  can  be  produced  in  a  wind 
tunnel  environment  depending  on  the  wind 
tunnel  operating  conditions.  Mean  droplet 
sizes  ranging  from  0.025  mm  in  diameter  to 
well  over  1  mm  were  measured  using  an 
optical  array  probe,  although  most  of  the 
droplets  are  in  the  0.2  mm  to  0.4  nun  range. 
The  estimated  LWC  deduced  from  the  optical 
array  probe  data  ranged  from  26  gm/m5  to  52 
gm/m  ,  although  the  values  are  believed  to 
be  over  estimated. 

Data  obtained  under  wet  conditions  at 
low  Reynolds  number  (1.7xio6)  shows  much 
more  irregularities  than  data  obtained  at 
higher  Reynolds  number.  A  drop  of  16%  in 
maximum  lift  coefficient  was  observed  at 
the  low  Reynolds  number  case  with  a 
simulated  rain  rate  of  300  mm/hr.  The 
decrease  in  maximum  lift  coefficient  was 
about  8.6%  at  the  high  Reynolds  number  case 
(8.8x10s)  with  a  simulated  rain  rate  of  50 
mm/hr.  With  the  exception  of  the  lowest 
Reynolds  number  case,  the  decrease  in  the 
magnitude  of  lift  under  wet  conditions  are 
almost  constant  with  variation  of  angle  of 
attack  in  each  case. 

The  drag  levels  at  constant  lift  are 
much  higher  under  wet  conditions.  At  a 
Reynolds  number  of  1.7x10''  and  a  affective 
rain  rate  of  300  mm/hr,  the  drag 
coefficient  was  increased  .by  30%  over  the 
dry  case  at  a  constant  lift  coefficient  of 
1.8.  The  drag  penalty  increases  with 
increasing  lift.  At  a  constant  lift 
coefficient  of  2.3,  the  drag  penalty  was  up 
to  43%  more  under  wet  conditions.  At  a  more 
realistic  Reynolds  number  of  8.8xl0‘  and  an 
effective  rain  rate  of  50  mm/hr,  the 
corresponding  dray  penalties  under  wet 
conditions  were  6.7%  and  9.5%  respectively. 
However,  at  the  maximum  lift  conditions, 
the  drag  levels  are  almost  the  same  for  the 
dry  and  wet  cases. 


There  is  not  much  variation  in  the 
pitching  moment  coefficient  with  lift  under 
wet  condition  at  the  low  Reynolds  number 
case.  At  higher  Reynolds  number  cases,  the 
increment  in  pitching  moment  due  to 
rainfall  are  more  pronounced  at  the  lower 
lift  than  at  the  higher  lift.  At  high  angle 
of  attack,  the  pitching  moment  curves  tend 
to  converge  to  the  same  value  under  wet  or 
dry  conditions.  Compared  to  the  dry  case, 
the  wet  airfoil  shows  less  change  in 
pitching  moment  with  incidence. 


With  the  lift,  drag  and  pitching 
moment  increment  "normalized"  by  the' 
effective  rainfall  rate  ratio,  a  more 
serious  effects  were  observed  with  the 
higher  Reynolds  number  cases. 


Data  obtained  from  a  bare  metal  model, 
under  identical  test  conditions,  show  a 
smaller  performance  degradation  than  the 
smoothly  painted  model  due  to  simulated 
rainfall. 
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WATER  SUPPLY  PIPE 
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FIG.  4:  SAMPLE  OUTPUT  OF  OPTICAL  ARRAY  PROBE  r.G.  5  BASIC  AEROFOIL  AND  FLAP  GEOMETRY 
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FIG.  6:  LIFT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK 


FIG  7:  DRAG  COEFFICIENT  VERSUS  LIFT  COEFFICIENT 
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FIG.  8:  PITCHING  MOMENT  COEFFICIENT  VERSUS 
ANGLE  OF  ATTACK 


FIG.  9:  LIFT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK 


17-9 


Rc  c 

o  DRY  8.8x1 06 

•  50mnvhr  8.8x1 06 

MODEL  SURFACE  PAINTED 


FIG.  14:  PITCHING  MOMENT  COEFFICIENT  FIG.  15:  VARIATIONS  OF  "NORMALIZED"  LIFT 

VERSUS  ANGLE  OF  ATTACK  COEFFICIENT  INCREMENT  VERSUS  LIFT  COEFFICIENT 


FIG.  16:  VARIATIONS  OF  "NORMALIZED"  DRAG 
COEFFICIENT  INCREMENT  VERSUS  LIFT  COEFFICIENT 
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FIG.  17:  VARIATIONS  OF  "NORMALIZED"  PITCHING  MOMENT 
COEFFICIENT  INCREMENT  VERSUS  LIFT  COEFFICIENT 
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SUMMARY 

Research  carried  out  at  the  VKI  in  the  period  from  1984 
to  present  on  the  subject  of  flow-orf  properties  and 
aerodynamic  effects  at  take-off  of  aircraft  de-icing  and 
anti-icing  fluids,  as  well  as  of  a  test  methodology  for 
their  acceptance,  is  described. 

A  small,  liquid  nitrogen  cooled  wind  tunnel  was 
developed,  to  study  the  flow  of  de/anti-icing  fluids 
deposited  on  a  flat  plate  and  subjected  to  an  accelerating 
airflow,  simulating  operational  ground  run  conditions. 
Results  indicated  that  substantial  amounts  of  fluid  were 
remaining  on  the  plate  at  the  time  of  trie  rotation 
manoeuvre,  and  allowed  to  compare  the  flow-off 
behaviour  of  various  fluids. 

Measurements  of  the  effect  of  de/anti-icing  fluid 
residuals  on  the  aerodynamic  characteristics  of  a  two- 
dimensional  airfoil,  at  conditions  close  to  those  of  the 
full-scale  take-off  of  a  large  transport  aircraft  were  then 
made.  This  involved  testing  a  1.5  meter  chord  airfoil 
model,  instrumented  with  a  strain  gage  balance,  in  the 
VKI  Ll-A  3  m  wind  tunnel  and  in  the  BFA  2.4  m  icing 
tunnel,  the  airfoil  upper  surface  being  either  clean  or 
covered  by  various  fluids,  or  by  solid  roughness 
simulating  frost,  for  comparison  with  Boeing  flight  data. 
Results  indicated  a  reduction  in  lift  coefficient  and  an 
increase  in  drag  coefficient,  due  to  fluid  residues.  Such 
effects  were  very  much  dependent  on  the  specific  fluid 
used,  and  could  not  be  correlated  to  fluid  viscosity  alone. 

The  study  was  continued,  to  correlate  the  lift  coefficient 
loss  measured  in  large  icing  wind  tunnels  with  some 
quantity,  simply  measurable  in  a  small  facility,  and  to 
Jefine  such  facility,  together  with  a  methodology  for 
determining  the  aerodynamic  acceptability  of  de/anti¬ 
icing  fluids  for  grounded  aircraft. 

The  method  proposed  by  the  VKI  involves  the 
determination  of  the  air  and  fluid  boundary  layer 
displacement  thickness,  for  an  accelerating  airflow  over  a 
flat  plate  covered  by  a  layer  of  the  fluid  under  test.  Such 


test  is  conducted  in  a  small  wind  tunnel,  cooled  by 
injection  of  liauid  nitrogen.  The  boundary  layer 
displacement  tliickness  is  measured  as  a  function  of  time, 
from  the  increase  in  test  section  blockage  caused  by  its 
growth. 

Checks  of  accuracy  and  repeatability  of  this  procedure 
were  conducted,  by  testing  almost  all  fluids  available  in 
1990.  Results  were  compared  with  the  measurements  of 
fluid-induced  degradation  of  the  aerodynamic  properties, 
carried  out  by  the  VKI  at  BFA  icing  tunnel,  as  well  as  by 
the  Boeing  Company  at  NASA  Lewis  Icing  Research 
Tunnel.  These  comparisons  indicated  that  good 
correlation  was  obtained,  thus  validating  the  proposed 
method. 


1-  INTRODUCTION 

Research  on  the  subject  of  the  aerodynamic  effects  at 
take-off  of  deicing  or  anti-icing  fluids  was  started  in 
1982  with  a  pioneering  study  carried  out  by  the  Boeing 
Company  (Ref.  1).  Wind  tunnel  measurements  of  lift 
were  performed  on  a  one-foot  chord  airfoil  model, 
covered  or  not  with  a  layer  of  anti-icing  fluid.  This  latter 
was  modified  by  addition  of  thickening  additives,  to 
simulate  at  ambient  conditions  the  viscosity  of  the  real 
fluid  at  low  temperature.  This  study  indicated  that 
residuals  of  anti-icing  fluids  on  aircraft  wings  at  take-off 
could  have  very  detrimental  effects,  as  the  measured  loss 
of  lift  due  to  the  presence  of  fluid  could  be  as  high  as 
about  10%,  for  a  specific  anti-icing  fluid. 

In  general  anti-icing  fluids  are  non-Newtonian,  while  the 
de-icing  fluids  are  Newtonian.  The  first  ones  are 
designed  to  form  on  the  surface  of  the  wing  a  protective 
fluid  layer,  that  should  not  flow  off  the  wing  under  the 
effect  of  gravity  when  the  plane  is  grounded,  and  that 
should  prevents  further  re-icing  of  the  wing  fo-  a  certain 
"holdover"  time.  This  fluid  however,  when  subjected  to 
the  relative  airflow  of  the  take-off  ground  run, 
experiences  a  large  shear  stress,  and  because  of  its  shear- 
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thinning  properties,  should  flow-off  the  wing,  leaving  it 
clean  at  the  moment  of  the  rotation  manoeuvre. 

The  use  of  non-Newtonian  anti-icing  fluids  was 
widespread  in  Europe  when  Ref.l  appeared,  and 
according  to  the  Association  of  European  Airlines,  was 
offering  significant  operational  advantages  over  the 
Newtonian  products.  Indeed  the  aircraft  could  be  de-iced 
and  then  anti-iced  well  before  the  take-off,  and  so  could 
safely  wait  a  significant  time  before  the  actual  take-off, 
without  the  danger  of  ice  re-forming  on  the  wings.  The 
results  of  Ref.  1  triggered  a  reaction  of  several  European 
Airlines,  and  in  early  1983  the  von  Karman  Institute  was 
approached  by  Sabena,  with  a  request  to  further  study  the 

Sroblcm.  The  VKI  was  asked  to  verify  whether  or  not  the 
uid  had  had  the  time  to  fully  flow  off  the  wing  during 
the  take-off  ground  run,  before  the  aircraft  rotation 
manoeuvre,  and  to  determine  what  was  the  effect  on 
wing  lift  at  take-off  of  a  possible  fluid  residue  on  the 
upper  wing  surface.  This  request  resulted  in  a  three-year 
VKI  research  program,  carried  out  from  1984  to  1987, 
under  funding  of  the  Association  of  European  Airlines. 
The  main  idea  was  to  remove  two  scaling  limitations  of 
the  earlier  study,  namely  by  using  chord  lenghts  of  thr 
same  order  as  the  real  ones,  and  by  using  the  real  fluids 
at  the  real  subfreezing  temperatures.  The  research 
program  was  divided  in  three  phases.  The  first  one  was 
directed  to  the  study  of  the  flow  of  a  fluid,  deposited  on  a 
flat  surface,  and  subjected  to  an  accelerating  airflow  at 
operational  take-off  conditions,  with  the  purpose  of 
checking  whether  a  fluid  residue  was  left  or  not  on  the 
surface  at  the  time  corresponding  to  the  end  of  the  take¬ 
off  ground  nm.  The  following  phases  were  adressing  the 
question  of  the  effect  of  fluid  residues  on  the 
aerodynamic  performance  of  an  airfoil. 

2-  FLOW  OF  DE/ANTI-ICING  FLUID  ON  A  RAT 
PLATE 

This  first  phase  of  the  research  (Ref.  2  )  required  the 
design  and  construction  at  VKI  of  a  special  facility,  the 
Cnid  Wind  Tunnel  CWT-1  (Fig.  1  ).  It  is  a  closed  circuit 
wind  tunnel,  thermally  insulated,  and  cooled  by  liquid 
nitrogen  to  attain  temperatures  as  low  as  -30*C  and 
below.  Test  section  was  rectangular,  0.3  m  wide,  0.1  m 
high  and  2.2  m  long,  and  provision  was  made  to  deposit  a 
thin  layer  of  fluid,  precooled  to  the  test  temperature,  on 
the  bottom  test  section  wall.  The  tunnel  could  be 
manually  accelerated  from  zero  to  maximum  speed, 
about  65  m/s,  in  about  30  seconds.  These  values 
correspond  to  Che  full  scale  conditions  of  a  commercial 
transport  aircraft  take-off.  Soon  after  starting  the  airflow, 
surface  waves  form  on  the  fluid  surface,  and  fluid  starts 
moving  downstream.  The  instantaneous  profile  of 
thickness  of  the  fluid  layer  was  measured,  by  using  an 
optical  technique.  As  shown  in  Fig.  2,  a  video  camera, 
located  above  the  test  section,  was  used  to  record 
pictures  of  the  wavy  and  moving  fluid  layer,  illuminated 
by  a  uniform  light  source,  located  below  the  test  section. 
Die  fluid  was  dyed  and  therefore  absorbs  light,  so  that 
the  picture  appears  darker  where  the  layer  is  thicker.  The 
instantaneousimage  of  the  fluid  layer  was  digitized  and 
processed  on  a  computer.  Using  a  suitable  calibration, 
this  allowed  to  obtain  instantaneous  profiles  of  fluid 


layer  thickness.  A  typical  example  is  given  in  Fig.  3, 
which  shows  the  initial  layer,  with  a  thickness  of  about  3 
millimiters,  and  15  seconds  after  test  start,  the  formation 
of  surface  waves  and  the  overal  decrease  in  thickness. 
This  trend  continues,  at  30  seconds  there  is  a  lower 
thickness,  and  lower  wave  amplitude.  However  30 
seconds  is  the  time  at  which  the  aircraft  rotation 
manoeuvre  should  take  place,  and  at  this  time  there  is 
still  a  significant  amount  of  fluid  left  on  the  surface, 
about  1  millimiter  in  this  specific  case,  which  is  a  rather 
extreme  one.  Even  after  60  seconds,  there  is  a  residual 
fluid  layer,  of  about  half  millimiter,  that  according  to 
what  was  observed  during  the  tests,  does  not  seem  to 
evolve  any  more. 

About  100  sets  of  thickness  profiles  like  the  one  shown 
were  measured,  by  comparing  five  different  fluids,  a 
Newtonian  one  (Kilfrost  Mil-Spec  fluid,  mixture  of 
ethylene  and  propylene  glycols),  and  four  non  Newtonian 
anti-icing  fluids,  none  of  which  is  in  production  any 
more  (Kilfrost  ABC,  SPCA  AD84,  Hoechst  1704/83, 
Union  Carbide  ADF  2.2  ),  at  four  test  temperatures  (  0*C, 
-10*C,  -20*C,  and  ambient  ),  for  three  locations  on  the 
r.'late,  and  for  tluee  initial  thicknesses  of  the  fluid  layer  ( 
1,  2  and  3  mm  ).  Fig.4  summarises  the  results  of  several 
tests,  conducted  on  a  specific  anti-icing  fluid,  at  various 
temperatures,  with  layers  of  different  initial  thickness.  It 
shows  that  the  final  thickness  at  30  seconds  is 
independent  of  the  initial  layer  thickness.  Already  at 
about  15  seconds  the  various  curves  merge  together.  This 
result  is  typical  of  other  fluids  too,  and  is  quite  important, 
as  it  demonstrates  that  one  of  the  test  parameters,  the 
initial  thickness,  does  not  influence  the  final  result. 

Analysis  of  the  results  pointed  out  differences  in  flow-off 
of  the  five  existing  Quids:  but  in  all  cases  indicated  that 
after  30  seconds  of  simulated  ground  run  fluid  was  still 
left  on  the  surface.  This  led  to  the  decision  of 
investigating  what  was  the  effect  of  such  residual  fluid 
on  the  wing  aerodynamics,  and  at  the  same  time  of 
removing  the  limitation  of  the  research,  namely  the 
different  pressure  gradient,  and  shear  stress  distribution, 
as  existing  on  a  flat  plate  or  on  a  real  wing. 

Therefore  it  was  decided  to  run  wind  tunnel  tests  on  a 
clean  or  contaminated,  two-dimensional  airfoil,  and  this 
led  to  the  second  phase  of  the  VKI/AEA  research. 

3-  EFFECTS  OF  DE/ANTI-ICING  RUIDS  ON  A 
LARGE  AIRFOIL  MODEL  AT  EXTREME 
CONDITIONS 

Following  a  suggestion  of  Boeing,  who  did  collaborate  to 
the  definition  of  this  test  program,  the  same  airfoil  shape 
as  previously  studied  in  Ref.  1  was  again  used  for  the 
present  research  (Ref.  4  ).  It  is  shown  in  figure  5.  Die  test 
airfoil  had  the  same  contour  as  the  section  (normal  to 
leading  edge)  of  the  B737-200  wing,  at  66%  spanwise 
position,  in  the  "flaps  5"  configuration,  but  for  simplicity, 
it  had  no  slot  at  the  flap,  as  also  done  in  Ref.  1. 

A  goal  of  the  research  was  to  remove  the  possible 
limitation  associated  with  the  fact  that  the  scaling 
parameters  for  the  airflow  around  the  model  and  for  the 
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wavy  fluid  film  are  different :  indeed  surface  roughness 
of  an  airfoil  scales  down  with  chord,  while  the  moving 
surface  waves  on  the  fluid  film  do  not  depend  on  chord, 
but  on  fluid  properties,  like  surface  tension,  viscosity  or 
elasticity  of  the  non-Newtonian  fluid,  which  are 
temperature-dependent  and  do  not  scale  down  with 
chord. 

Therefore  it  was  decided  to  choose  a  model  chord  as 
close  to  full  scale  as  reasonably  possible,  and  this 
resulted  (  Fig.  6 )  in  a  1.5  meter  chord  model,  fitted  with 
an  internal  strain  gage  balance,  designed  and 
manufactured  at  VKI,  to  measure  lift,  drag,  and  pitching 
moment.  The  model  was  enclosed  in  a  wind  tunnel  test 
section  insert,  shown  in  Figure  7.  The  wing  model,  built 
by  British  Airways,  was  made  of  three  parts.  The  central 
one,  0.3  meter  wide,  was  connected  to  the  internal 
balance. 

Tests  were  conducted  both  in  the  VKI  3  meter  diameter, 
low  speed  (72  m/s  peak )  wind  tunnel  Ll-A,  to  check  the 
setup  and  the  instrumentation  at  ambient  conditions,  and 
in  another  wind  tunnel,  located  in  Vienna,  at  the 
Bundesversuch-und-Foischung  Arsenal.  This  tunnel, 
mainly  devoted  to  tests  of  railroad  trains,  has  a  test 
section  of  2.4  X  2.2  meters,  a  maximum  speed  in  excess 
of  150  knots,  and  can  be  cooled  down  to  -50‘C. 

Tests  were  conducted  with  the  airfoil  either  clean  or 
covered  with  various  fluids.  Several  clean  airfoil  tests, 
repeated  frequently  all  along  the  test  program,  served  the 
purpose  of  providing  a  reference  baseline  to  determine 
fluid-induced  effects,  as  well  as  of  allowing  a 
repeatability  check.  The  same  fluids  as  previously  tested 
for  flow-off  in  the  VKI  CWT-1  during  the  previous 
research  phase  were  again  used. 

Test  procedure  was  as  follows:  at  temperatures  of  -20*C, 
-10'C,  and  0*C,  a  sufficient  amount  of  unsheared,  dyed 
fluid  was  poured  on  the  airfoil  model  to  completetely 
cover  its  centre  portion,  and  the  excess  fluid  was  left  drip 
off.  Then  the  tunnel  was  started  and  accelerated  up  to 
about  107  knots,  with  an  almost  linear  velocity-time 
variation,  as  encountered  during  a  take-off  ground  run. 
After  about  30  seconds  the  airfoil  was  pitched  up,  to 
simulate  a  rotation  manoeuvre.  Recording  of  the  balance 
measurements  was  made  at  a  5  Hertz  sampling 
frequency,  fluid  motion  was  continously  recorded  on 
videotape,  and  photographs  of  the  upper  surface  were 
taken  every  3  seconds. . 

A  sample  sequence  of  such  photographs  is  reproduced  as 
Fig.  8,  showing  the  formation  of  suiface  waves  soon  after 
the  starting  of  the  flow  (a).  A  typical  triangular  shape  is 
apparent,  as  the  initial  surface  perturbation  widens 
laterally  as  it  is  convected  downstream.  Some  time  after, 
the  various  perturbations  have  merged  together  (b),  and 
form  a  wave  front  pt  pagating  downstream,  almost 
reaching  the  trailing  edge  (c),  when  the  rotation  of  the 
airfoil  starts.  At  the  end  of  the  rotation  fluid  was 
observed  to  be  still  present  in  the  trailing  edge  region. 
The  forward  part  of  the  airfoil  seemed  to  be  clean,  but 
indeed  it  was  not,  as  a  thin  layer  of  fluid  was  still  present, 
as  revealed  by  close  visual  inspection  and  by  quantitative 


measurements  with  a  mechanical  depth  gage  after  the 
test. 

Figure  9  shows  how  different  the  formation  of  the 
surface  waves  can  be  for  a  Newtonian  and  a  non- 
Newtonian  fluid.  In  the  first  case  small  surface  riddles, 
due  to  capillarity  forces,  are  formed,  while  in  the  second 
case  much  larger  waves  appear. 

Figure  10  shows  another  unexpected  phenomenon,  of  a 
second  wave  front,  appearing  after  the  rotation 
manoeuvre.  Its  existence  has  been  for  a  time 
controversial  :  in  these  tests,  conducted  in  May  1986,  it 
appeared  when  the  airfoil  pitch-up  was  important,  and 
not  for  a  moderate  pitch-up.  Its  formation  was  thought  to 
be  due  to  the  increase  of  shear  stress  over  the  forward 
part  of  the  airfoil  upper  surface,  which  is  associated  with 
the  change  of  incidence,  and  which  sweeps  downstream 
some  of  the  fluid  remaining  on  the  forward  part  of  the 
airfoil. 

As  a  result  of  this  second  phase  of  the  VKI/AEA 
research,  the  aerodynamic  characteristics  of  the  fluid- 
contaminated  airfoil  were  measured  at  extreme 
conditions,  ie  at  relatively  low  velocity  (about  107  knots) 
and  at  high  incidences  (from  10  to  14  degrees),  close  to 
stall.  Indeed  this  was  the  most  unfavourable  case,  to  be 
investigated  first,  and  it  indicated  the  existence  of  a  lift 
loss,  that  could  be  quite  high  :  a  maximum  value  of  17% 
for  the  lift  loss  coefficient  was  reached,  and  intermittent 
stall  observed,  when  testing  a  specific  anti-icing  fluid, 
not  in  production  any  more. 

Amongst  the  non-Newtonian  fluids  tested,  those  with 
lower  viscosity  seemed  to  yield  lower  lift  losses,  and  a 
tentative  correlation  showing  this  dependence  was 
established.  However,  also  the  Newtonian  Mil  Spec  fluid 
yielded  non  negligible  lift  losses  at  the  lowest  test 
temperature  of  -20’C.  These  results  triggered  the  third 
phase  of  the  research,  directed  to  repeat  the  experiments 
at  lower  incidences  and  higher  velocities,  as  encountered 
during  a  real  take-off  manoeuvre. 

These  results  also  encouraged  fluid  manufacturers,  at  the 
request  of  the  Association  of  European  Airlines,  to  stop 
production  of  the  existing  fluids  and  to  develop  new 
products  with  reduced  viscosity,  to  improve  their  flow- 
off  behaviour  and  thence  their  aerodynamic 
characteristics,  and  to  make  them  available  during  the 
next  coming  winter  1986/87. 


4-  EFFECTS  OF  FLUIDS  ON  A  LARGE  AIRFOIL 
MODEL  AT  CONDITIONS  CLOSE  TO 
OPERATIONAL 

The  same  airfoil  model,  with  some  improvements  of  the 
set-up  to  allow  higher  test  velocities  and  a  variable  pitch- 
up  angle,  was  again  used  for  tins  third  phase  of  the 
VKI/AEA  research.  Tests  were  again  conducted  at  BFA, 
in  May  1987,  following  the  same  procedure  as  in 
previous  year,  but  with  test  conditions  simulating  those 
of  a  normal  B737-200  take-off,  as  well  as  those  of  a  one- 
engine-only  take-off.  Thus  a  wind  tunnel  speed  of  145 
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knots  and  a  pitch-up  angle  of  4  degrees  were  used  for  the 
first  case,  and  of  130  knots  and  7  degrees  for  the  second. 

Amongst  the  fluids  tested,  there  were  the  three  new 
products  designed  following  the  results  of  the  second 
VKI/AEA  research  phase,  i.e.  Kilffost  ABC-2,  Hoechst 
1704  LTV-87,  and  SPCA  AD-99/6,  as  well  as  one  of  the 
fluids  tested  the  previous  year,  and  four  experimental 
products  made  available  by  Union  Carbide  Canada, 
amongst  which  there  was  the  UC  250/3  fluid. 

During  this  third  phase  of  the  research,  also  the  effect  of 
solid  roughness  on  the  wing  upper  surface  was  examined. 
According  to  procedures  defined  by  Boeing  (Ref.  6 )  this 
roughness,  which  simulates  the  presence  of  frost,  was 
obtained  by  glueing  on  the  wing  surface  an  adhesive  anti¬ 
slip  safety  walk  sheet,  commercially  available  from  3M. 
Two  different  roughnesses  were  tested:  3M  stock  No.61- 
2091-5102-8,  and  No.61-2080-3073-6,  respectively 
denominated  Frost  1  and  2,  with  a  roughness  of 
approximately  0.36  mm  and  0.48  mm.  A  more  rough 
coverage  (Frost  3)  was  obtained,  as  done  in  Ref.  6,  by 
applying  an  epoxy  putty  material  to  the  Frost  1  safety 
walk,  ami  then  roughening  it  with  a  paint  roller. 

Results  of  tests  on  solid  roughness  contamination  are 
shown  in  figure  11,  where  the  lift  coefficient  versus 
alpha  curve  shows  a  progressive  decrease  with  increasing 
roughness,  as  could  be  expected.  A  decrease  in  stalling 
angle  and  in  maximum  lift  coefficient  is  also  present. 
This  test  demonstrated  the  validity  of  the  measurements, 
because  the  measured  decreases  of  lift  agreed  with 
results  of  flight  tests  carried  out  by  Boeing  on  a  B737 
(Ref.  7)  using  artificially  roughened  wings  to  simulate 
two  frost  cases,  denominated  Frost  A  (similar  to  Frost  1 
and  2  )  and  Frost  B  (similar  to  Frost  3). 

Tests  were  then  run  with  and  without  fluid,  and  similar 
results  were  obtained  (fig  12  ).  Using  the  "dry"  tests  as  a 
reference  baseline,  losses  of  lift  coefficient  were  again 
found  to  be  present,  for  the  various  fluids,  at  three 
temperatures  (Fig.  13).  However  these  lift  coefficient 
losses  are  lower  than  those  found  during  the  previous 
research  phase.  This  is  due  to  the  improvements  in  fluids 
achieved  by  their  manufacturers,  and  to  the  less  critical 
test  conditions  (lower  wing  incidence,  and  higher  test 
speed),  closer  to  those  of  a  real  take-off. 

However,  these  wind  tunnel  tests  indicated  that  the 
reduction  of  lift  loss  was  not  as  important  as  could  be 
expected  by  the  reduction  of  viscosity  of  the  new  Quids 
tested,  on  the  basis  of  the  tentative  correlation  previously 
established  (Ref  3).  Indeed  it  was  noticed  that  lift  loss 
was  not  correlated  with  viscosity  alone,  as  a  fluid  of  high 
viscosity  could  yield  lower  losses  than  another  Quid  with 
lower  viscosity.  This  is  important,  because  it  means  that 
a  quality  control  of  tlte  de/anti-icing  fluid  cannot  be 
made  by  a  viscosity  check,  but  that  an  aerodynamic  test 
is  required,  at  least  untill  the  mechanism  of  fluid  flow-off 
and  lift  loss  is  fully  understood  and  modelled.  It  is  also 
important  to  stress  that  this  aerodynamic  test,  if  it  is  to  be 
made  on  a  routine  basis  for  quality  control  or  for  the 
development  of  new  fluids,  cannot  consist  in  force 
measurements  on  airfoils  in  large  wind  tunnels  as  used, 


because  of  the  associated  high  costs  and  delays,  and  an 
alternative  test  methodology  was  needed. 

At  this  stage  the  research  on  airfoils  was  taken  over  by 
Boeing,  who  conducted  wind  tunnel  tests  in  NASA 
Lewis  Icing  Research  Tunnel,  and  flight  tests  on  a  B737 
in  Kuopio  (Finland )  to  extend  these  results  to  the  real  3D 
case  and  to  validate  wind  tunnel  studies  (Ref.8).  A 
comparison  of  the  wind  tunnel  results  on  the  2D  airfoil, 
as  obtained  by  VKI/AEA  and  by  Boeing/NASA-IRT,  is 
shown  in  Fig.  14.  Considering  that  these  tests  were 
conducted  in  different  tunnels,  on  models  of  different 
scale,  with  different  instrumentation  and  experimenters, 
the  agreement  is  very  reasonable.  A  further  study  was 
also  conducted  by  Boeing  in  the  NASA  Lewis  icing 
tunnel  in  February  1990  (Ref.  9)  to  investigate  most  of 
the  presently  existing  fluids. 


5-  ANALYSIS  OF  THE  LIFT  LOSS  MECHANISM 

After  the  conclusion  of  the  three  phases  of  the  VKI/AEA 
research  just  described,  another  problem  was  adressed  by 
VKI  in  1987/88,  i.e.  the  definition  of  a  simplified  test  for 
aerodynamic  acceptance  of  de/anti-icing  fluids.  This 
independent,  self-supported  VKI  work  resulted  towards 
the  end  of  1988  in  the  proposal  of  an  original  test 
methodology  (Ref.  10),  that  was  presented  to  AIA  and 
AECMA  member  companies,  and  further  investigated  in 
1989  by  VKI  under  the  sponsorship  of  Airbus,  British 
Aerospace  and  Fokker. 

The  fundamental  question  refers  to  the  nature  of  the 
mechanism  of  lift  loss  of  a  fluid-contaminated  airfoil.  It 
can  be  recognised  that  the  wavy  fluid  layer  produces  an 
increase  of  the  aerodynamic  roughness  of  the  wing 
surface,  thus  thickening  the  airflow  boundary  layer.  This 
in  turn  modifies  the  effective  shape  of  the  airfoil,  as  felt 
by  the  external  inviscid  flow,  by  an  amount  which  is  the 
boundary  layer  displacement  thickness.  Therefore  this 
last  quantity  must  be  related  to  the  variation  of  the 
aerodynamic  characteristics  of  the  airfoil. 

To  investigate  this  concept,  a  numerical  model  was 
developed  (Ref.  1 1 ),  using  an  inviscid  panel  method  for 
the  external  airflow,  based  on  Hess  and  Smith  approach, 
coupled  with  a  simple  integral  boundary  layer  calculation 
based  on  Head's  entrainment  approach,  proposed  long 
ago  by  Dvorak  (Ref.  12)  for  turbulent  flow  over  a  rough 
surface.  In  this  approach  the  usual  Ludwig-Tillmann 
formula  for  skin  friction,  valid  for  smooth  walls,  was 
replaced  with  another  one,  proposed  by  Bettennan  (Ref. 
13  )  for  waUs  with  a  periodic  roughness,  characterised  by 
two  parameters,  a  roughness  height  and  wave  lenght. 
This  model  was  selected  because  of  its  analogy  with  the 
periodic  waves  on  tlte  fluid  surface.  Its  applicability  was 
verified  by  Pitot  boundary  layer  surveys  over  a 
periodically  rough  flat  plate  (Ref.  14 ).  Calculations  were 
run  for  the  test  airfoil,  and  indicated,  as  was  expected, 
that  the  lift  coefficient  loss  was  an  increasing  function  of 
the  displacement  thickness  over  the  rough  airfoil  surface, 
irrespective  of  the  roughness  wave  lenght. 
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6-  DEFINITION  OF  AN  AERODYNAMIC 
ACCEPTANCE  TEST 

As  explained,  one  could  characterize  the  aerodynamic 
effects  of  a  fluid  layer  deposited  on  an  airfoil,  by  the 
displacement  thickness  of  the  airflow  boundary  layer 
above  it.  Furthermore,  a  basic  simplifying  assumption 
was  made,  i.e.  to  refer  such  aerodynamic  effects  to  a 
measurement  of  boundary  layer  thickness  over  a  flat 
plate,  not  over  an  airfoil.  The  two  situations  are  of  course 
different,  but  might  be  related  one  to  another,  and  a 
study,  supported  by  Airbus,  British  Aerospace  and 
Fokker  was  carried  out  at  VKI  to  investigate  the 
correlation  between  the  boundary  layer  thickness  over  a 
flat  plate  covered  with  fluid  and  the  lift  loss  experienced 
by  a  contaminated  airfoil,  as  determined  by  the  wind 
tunnel  tests  of  References  4  and  8. 

For  this  study  the  VKI  cold  wind  tunnel  CWT-1  was 
again  used.  It  was  however  modified  (Ref.  11  )  to 
improve  flow  quality  and  test  procedures,  by  adding  a 
computer-controlled  drive  to  ensure  a  repeatable 
velocity-time  sequence,  and  by  performing  the  injection 
of  liquid  nitrogen  in  a  similar  way  as  done  in  cryogenic 
tunnels.  Figure  1  illustrates  the  present,  modified  state  of 
the  CWT-1. 

Figure  15  shows  the  boundary  layer  profile  measured  in 
the  CWT-1  test  section,  at  ambient  conditions,  on  the 
bottom  and  top  walls,  when  the  bottom  wall  is  smooth  or 
covered  with  two  different  roughnesses.  The  effect  of 
roughness  in  increasing  the  bottom  wall  boundary  layer 
is  evident,  as  could  be  expected. 

However,  it  would  have  been  quite  difficult  to  measure 
the  time-dependent  airflow  boundary  layer  with  a  Pitot 
survey  during  an  actual  test  with  moving  fluid,  so  an 
alternative  method  was  devised,  based  on  a  wind  tunnel 
blockage  concept:  the  increase  in  boundary  layer 
displacement  thickness  causes  an  acceleration  of  the 
inviscid  flow  outside  of  the  boundary  layer,  and  this  in 
turn  causes  a  variation  of  the  static  pressure  difference 
along  the  test  section. 

The  test  setup  is  illustrated  in  Fig.  16.  Wall  pressures  are 
measured  in  the  settling  chamber,  at  inlet  and  outlet  of 
test  section.  From  Bernoulli  theorem  the  velocities  at 
inlet  and  outlet  are  obtained,  and  their  ratio  gives  the 
ratio  of  effective  cross  sectional  areas,  which  equals  the 
geometrical  area  minus  the  area  blocked  by  the  boundary 
layer,  which  is  in  turn  the  test  section  perimeter 
multiplied  by  the  boundary  layer  displacement  thickness. 
In  the  case  when  a  fluid  is  deposited  on  the  bottom  wall, 
and  no  fluid  is  present  on  the  side  and  top  walls,  an 
average  of  the  displacement  thickness  over  the  perimeter 
is  obtained.  The  net  displacement  thickness  over  the  wet 
bottom  wall  is  then  obtained  from  the  expression  of  its 
perimeter-averaged  value,  by  subtraction  of  the  value  for 
a  dry  wall. 

This  allows  the  determination  of  the  displacement 
thickness  over  a  fluid  covered  flat  plate,  as  function  of 
two  measurements  of  pressure  difference.  These 
measurements  are  carried  out  continously  during  all  the 


test  run,  and  result  in  a  graph  like  shown  on  Fig.  17, 
which  gives  the  tunnel  velocity  variation  with  time,  first 
increasing  steadily  then  flattening  to  a  constant  level,  and 
the  instantaneous  value  of  the  measured  displacement 
thickness.  This  latter  is  first  increasing  and  then 
decreasing,  as  at  the  beginning  of  the  test,  big  surface 
waves  form,  and  then  fluid  is  entrained  downstream  by 
the  airflow.  Over  a  dry  plate,,  as  shown  for  comparison 
on  the  same  figure,  a  much  lower  displacement 
thickness,  independent  of  time,  is  measured.  Figure  19 
refers  to  another  fluid,  and  demonstrates  that,  as  already 
found  during  the  VKI/AEA  first  research  phase,  the 
effect  of  different  initial  fluid  thicknesses  tends  to 
disappear  very  quickly,  before  reaching  the  time  of  30 
seconds  after  test  start,  which  corresponds  to 
thebeginning  of  the  take-off  rotation  manoeuvre.  These 
graphs  are  then  used  to  extract  the  value  of  displacement 
thickness  at  30  seconds  after  test  start,  and  this  value  is 
plotted  versus  the  test  temperature  in  Fig.  19,  that  fully 
characterises  the  flow  off  behaviour  of  a  given  fluid. 
Curves  for  two  fluids  are  shown  in  Fig.  19:  an  early  fluid, 
not  in  production  any  more,  with  poor  flow-off  and 
yielding  rather  large  lift  losses;  and  another  non- 
Newtonian  fluid,  with  quite  good  flow-off  and  low  lift 
loss,  despite  of  its  non-small  viscosity. 

The  effect  of  dilution  of  an  anti-icing  fluid  with  water, 
was  also  studied,  by  testing  two  fluids  at  full  strength,  as 
well  as  diluted  with  25%  and  50%  of  demineralized 
water.  Results,  given  in  Fig.  20,  indicate  that  depending 
on  the  specific  fluid  nature,  dilution  can  lead  either  to  a 
better  or  a  worse  flow-off. 

Finally,  what  remained  to  be  done  was  to  correlate  these 
measured  boundary  layer  displacement  thicknesses  over 
a  flat  plate  to  the  lift  loss  of  an  airfoil.  Such  a  correlation 
for  the  fluids  tested  by  VKI  at  BFA  in  1886,  at  the  three 
temperatures  of  0°C,  -10*C  and  -20*C,  is  shown  in  Fig. 
21.  Fluid  1A  is  an  ethylene/propylene  glycol  Newtonian 
fluid  as  described  by  Military  Specification  8243-D. 
Fluid  2A  and  fluid  4,  both  non-Newtonian,  are 
respectively  the  early  anti-icing  fluid  with  poor  flow-off, 
ana  the  high-viscosity  product  with  good  flow-off, 
already  referred  to  in  Fig.  19.  Correlation  looks 
reasonable,  and  was  also  made  for  the  other  improved 
products,  tested  by  Boeing  in  the  NASA  Lewis  icing 
tunnel.  Such  results  are  here  shown  in  Fig.  22,  and 
correlation  is  again  evident,  despite  some  scatter  for  a 
few  products,  which  were  not  in  industrial  production 
and  therefore  were  prepared  in  different  batches,  at 
different  times  for  the  Boeing/NASA  and  the  VKI  CWT- 
1  tests. 

On  the  basis  of  these  results,  and  as  a  result  of  extended 
discussions  with  US  and  European  aircraft 
manufacturers,  carried  out  in  the  context  of  the 
Aerospace  Industries  of  America  (AIA)  Transport 
Committe  (TC)  Project  218-4,  a  procedure  was  agreed 
(Ref.  14),  of  comparing  the  displacement  thickness 
versus  temperature  curve  of  a  candidate  fluid  with  that  of 
a  smooth  wall  and  that  of  a  reference  de-icing  Newtonian 
fluid,  having  a  well  defined  composition,  as  for  instance 
prescribed  by  Military  Specication  8243-D  .  Appropriate 
factoring  of  the  curve  for  the  Mil  Spec  fluid  allows  to 
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define  a  limit  curve,  below  which  the  curve  of  a 
candidate  fluid  should  fall,  in  order  for  it  to  pass  the 
aerodynamic  acceptance  test. 


7-  CONCLUSIONS 

The  research  carried  out  at  the  VKI  in  the  period  1984  to 
present  was  summarized.  A  facility,  cooled  by  liquid 
nitrogen  was  developed,  to  study  the  flow  of  de/anti¬ 
icing  fluids  on  a  flat  plate,  at  conditions  close  to  those  of 
take-off  of  a  transport  aircraft.  Measurements  of 
aerodynamic  degradation  of  a  2D  wing  profile  were  also 
carried  out,  in  presence  of  solid  and  fluid  surface 
contamination.  A  correlation  was  established  relating 
such  degradation  to  the  boundary  layer  displacement 
thickness  over  a  fluid  contaminated  flat  plate,  and  a 
simple  wind  tunnel  blockage  method  was  devised  to 
measure  such  displacement  thickness.  This  resulted  in  a 
procedure  allowing  die  asessment  of  the  aerodynamic 
quality  of  a  de-icing  or  anti-icing  fluid. 
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Fig.  2  SET-UP  FOR  MEASUREMENT  OF  LOCAL  THICKNESS  OF  A  DYED 
FLUID  LAYER  BY  A  LIGHT  ABSORPTION  TECHNIQUE 


Fig.  3  TIME-DEPENDENT  THICKNESS  PROFILE  OF  A  LAYER  OF  A 
SPECIFIC  ANTI-ICING  FLUID  ON  A  FLAT  PLATE  UNDER 
EFFECT  OF  AN  ACCELERATING  AIRFLOW 
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Fig.  7  AIRFOIL  MODEL  IN  TEST  SECTION  INSERT  FOR  VKI  LI -A 
AND  BFA  WIND  TUNNELS 


a)  Initial  wave  formation 


b)  Merging  of  waves  to  form  a  single  front 


c)  Wave  front  approaching  trailing  edge 

8  WIND- INDUCED  SURFACE  WAVES  ON  AN  ANTI -ICING  FLUID 
LAYER  DEPOSITED  ON  UPPER  WING  SURFACE 


(1.  Adequate  takeoff  acceleration  and  climb  capabilities 
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Fig.  14  COMPARISON  OF  LIFT  COEFFICIENT  LOSSES  MEASURED  IN 
BFA  AND  NASA-LEWIS  ICING  TUNNELS 


U  /  U. 

Boundary  Layer  to  Free  Stream  Velocity  Ratio 

Fig.  15  VERTICAL  PROFILE  OF  VELOCITY  AT  THE  EXIT  OF  THE 
TEST  SECTION  OF  THE  VKI  CWT-1  FACILITY 
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Fig.  17  TYPICAL  RESULTS  OF  CWT-1  FLOW-OFF  TESTS,  WITH 

BOTTOM  FLAT  WALL  OF  TEST  SECTION  CLEAN  OR  COVERED 
WITH  FLUID 
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Fig.  21  CORRELATION  BETWEEN  BOUNDARY  LAYER  DISPLACEMENT 
THICKNESS  IN  CWT-1  AND  AIRFOIL  LIFT  COEFFICIENT 
LOSS  MEASURED  IN  BFA  ICING  TUNNEL 
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Fig.  22  CORRELATION  BETWEEN  BOUNDARY  LAYER  DISPLACEMENT 
THICKNESS  IN  CWT-1  AND  AIRFOIL  LIFT  COEFFICIENT 
LOSS  MEASURED  IN  NASA  LEWIS  ICING  TUNNEL 
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AND  CRITERIA  FOR  AERODYNAMIC  ACCEPTANCE 
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SUMMARY 

A  follow-on  wind  tunnel  invesligaiion  of  the  aerodynamic  ef¬ 
fects  of  aircraft  ground  dcicing/auti-icing  fluids  was  performed 
to  supplement  earlier  reported  flight  and  wind  tunnel  tests  and 
support  the  development  of  aerodynamic  acceptance  criteria  for 
aircraft  ground  deicing/anti-icing  fluids.  The  test  was  conducted 
at  the  NASA  Lewis  Research  Center  Icing  ResearchTunnel  using 
both  a  two-dimensional  model  and  a  three-dimensional  half 
model  of  the  737-200ADV  airplane.  The  fluids  that  were  tested 
included  three  Type  1  Newtonian  fluids,  which  use  ethylene, 
dicthylenc,  and  propylene  glycol  as  the  freezing  point  depres¬ 
sant  four  Type  II  non-Newtonian  fluids,  which  are  currently  in 
'■.oduction;  eight  developmental  fluids:  and  a  Mil  Spec  fluid  to 
be  used  as  a  reference  fluid  in  the  aerodynamic  acceptance  test. 
The  Type  I  and  current  Type  II  fluids  were  tested  neat  and  di¬ 
luted  to  determine  basic  aerodynamic  effects.  Dilution  of  the 
Type  II  fluids  did  not  significantly  alter  the  aerodynamic  effects 
of  the  fluids.  Diluting  the  Type  I  fluids  did  result  in  a  significant 
reduction  in  the  adverse  aerodynamic  effects  of  these  fluids, 
especially  at  temperatures  of  -10°C  and  colder.  Boundary  layer 
displacement  thickness.  8*.  measurements  made  with  the  fluids 
on  :he  two-dimensional  model  show  excellent  correlation  with 
lift  loss  due  to  the  fluids  at  maximum  lift  and  at  operating  angles 
of  attack  and  with  the  boundary  layer  displacement  thickness 
measured  on  a  flat  plate  in  the  small  von  Kantian  Institute  wind 
tunnel.  This  correlation  validated  the  future  use  of  flat  plate 
boundary  layer  displacement  thickness  measurement  as  the  cri¬ 
terion  for  the  aerodynamic  acceptability  of  a  fluid.  The  limiting 
boundary  layer  displacement  thickness,  which  identifies  a  fluid 
as  being  aerodynamical ly  acceptable,  is  correlated  with  a  loss  in 
maximum  lift  that  results  in  an  allowed  specific  reduction  in  aero¬ 
dynamic  performance  margins. 

LIST  OF  SYMBOLS  AND  ABBREVIATIONS 


c 

Celsius 

c 

Mean  aerodynamic  chord 

Co 

Coefficient  of  drag,  three-dimensional 

CDSA 

Stability  axis  coefficient  of  drag,  three-dimensional 

c, 

Coefficient  of  lift,  two-dimensional 

CL 

Coefficient  of  lift,  three-dimensional 

CLSA 

Stability  axis  coefficient  of  lift,  three-dimensional 

cm 

Centimeters 

Cm 

Coefficient  of  pitching  moments,  three-dimensional 

EG 

Ethylene  glycol 

ETHY 

Ethylene 

ft 

Feet 

Fwd 

Forward 

GLY 

Glycol 

hp 

Horsepower 

in 

Inches 

kVV 

Kilowatts 

m 

Meters 

mi/h 

Miles  per  hour 

mm 

Millimeters 

Mil  Spec 

Military  specification 

mPas 

Millipascai  seconds 

Pa 

Pascals 

PG 

Propylene  glycol 

PROPY 

Propylene 

s,  sec 

Seconds 

t 

Time,  seconds 

T,  TEMP 

Temperature 

u 

Local  velocity 

u« 

Frccstrcam  velocity 

V 

Velocity 

xN, 

Center  of  normal  force  in  fraction  of  chord  length 

a 

Angle  of  attack,  deg 

6* 

Boundary  layer  displacement  thickness 

M 

Absolute  viscosity 

Subscripts 

B 

Body 

DRY 

Dry  surface 

FLUID 

Surface  wetted  with  fluid 

keas 

Knots  equivalent  airspeed 

MAX 

Maximum 

R 

Takeoff  rotation  speed 

s,s 

lg  stall  speed 

W 

Wing 

0 

Time  zero 

2 

Takeoff  safety  speed 

aw8 

At  8-deg  wing  angle  of  attack 

1.0  INTRODUCTION 

Investigation  of  the  aerodynamic  effects  of  aircraft  ground  deic- 
mg/anti-icing  fluids  has  been  carried  out  extensively  in  both  wind 
tunnel  tests  and  flight  tests  (Refs.  1 , 2. 3, 4.  and  5).  For  the  most 
part  these  investigations  have  concentrated  on  development  of 
test  techniques  for  obtaining  basic  aerodynamic  data  on  a  single 
Newtonian  deicing  fluid  and  several  tion-Ncwtoman  deicing/ 
anti-icing  fluids.  Front  this  primary  database,  development  of  the 
non-Newtoman  fluids  with  less  severe  aerodynamic  effects  has 
progressed  to  the  point  where  these  fluids  can  be  used  on  most 
large  transport  aircraft  without  requiring  pcifomtancc  penalties. 
However,  some  questions  remain  that  were  not  addressed  in  the 
previous  investigation.  In  particular,  does  the  behavior  of  the 
Type  I  Newtonian  fluids  differ  depending  the  glycol  used  as  the 
freezing  point  depressant  in  the  formulation  of  the  fluid?  Previ¬ 
ously  only  Association  of  European  Airlines  (AEA)  Type  I  fluid 
was  tested,  whereas  the  aerodynamic  effects  of  Type  I  fluids 
using  ethylene  or  propylene  glycol  were  as  yet  undetermined. 
Also,  the  effects  of  dilution  and/or  precipitation  contamination 
of  cithcrTypc  I  orTypc  II  fluids  were  not  addressed  previously. 

Further,  to  continue  development  of  fluids  that  could  provide 
improved  de'cing/ami-icing  capability  without  degrading  aero¬ 
dynamic  performance,  criteria  for  aerodynamic  acceptance 
needed  to  be  established.  Economy  ar.d  timing  of  the  develop¬ 
ment  cycle  demanded  the  capability  to  determine  compliance 
with  these  criteria  using  some  method  other  than  a  wind  tunnel 
test  program  requiring  a  facility  such  as  the  NASA  Lewis  Re¬ 
search  Center  Icing  Research  Tunnel  (IRT). 

2.0  AIRCRAFT  GROUND  DEICING/ANTI-ICING 
FLUIDS 

The  Type  I  fluids,  characterized  by  Newtonian  viscosity  behav¬ 
ior  (i.c.,  viscosity  is  principally  a  function  of  temperature  only), 
have  a  relatively  low  viscosity  except  at  very  cold  temperatures. 
At  colder  temperatures,  the  viscosity  of  Type  I  fluids  can  vary 
significantly,  depending  on  the  glycol  used  as  the  freezing  point 
depressant  in  the  formulation  of  the  fluid.  Monocthylenc  glycol 
has  been  widely  used  in  the  United  States  and  has  a  relatively 


low  viscosity  throughout  the  normal  temperature  range  of  use. 
Diethvlcnc  and  propylene  glycol-based  Type  I  fluid  formulations 
are  used  in  Europe  and  are  becoming  more  common  in  North 
America.  At  colder  temperatures  these  latter  glycols  exhibit  vis¬ 
cosities  much  higher  than  that  of  (mono)  ethylene  glycol  The 
specific  Type  I  fluids  evaluated  arc  listed  in  Table  I. 

Tabic  I.  Fluids  Evaluated. 

Current  Type  I  Fluids 

Hocchst  VP  1732  (AEA  Type  I) 

Octagon  ADF  1427  (propylene  glycol-based) 

UCAR  ADF  IID  (ethylene  glycol-based) 

MII.-A-8243D  Type  I 

Current  Type  II  Fluids 

Dow  Flightgard®  2<X)0  (Hocchst  1704  LTV/88) 

Kilfrost  ABC-3 
SPCA  AD  104 
UCAR  AAF  250-3 

Developmental  Fluids  by 

BASF  AG  Kilfrost  Ltd.  Octagon  Processes 

Technoshicld  Texaco  (2)  Union  Carbide 

(Canada) (2) 

The  other  deici.ig/aim-icing  tluids.  Type  II.  are  characterized  by 
non-Newtonian  viscosity  behavior  (t.e..  viscosity  is  a  function  of 
tcmperatuie  and  shear  stress).  These  non-Newtonian  fluids  are 
characterized  by  extremely  high  viscosity  that  dramatically  de¬ 
creases  with  increasing  shear  stress,  approaching  viscosity  lev¬ 
els  of  Type  I  fluids  at  shear  stress  levels  associated  with  typical 
takeoff  and  climb  speeds  of  large  commercial  air  transports.  Fluid 
designers  are  able  to  control  other  characteristics  of  Type  II  flu¬ 
ids,  such  as  the  variation  of  viscosity  with  temperature,  flow-off 
behavior,  and  the  affinity  of  the  fluid  to  absorb  melted  prccipi- 
tants  into  solution  Type  1!  fluid  products  tend  to  have  unique 
characteristics  as  compared  to  "generic"  Type  I  fluid  products. 
Figure  I  illustrates  typical  viscosity  characteristics  of  Type  1  and 
II  fluids.  The  specific  Type  1!  fluids  evaluated  are  also  listed  in 
Table  I. 
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Figure  I .  Undiluted  Aire  aft  Ground  Deicing/ Anti-Icing 
Fluids  Chaiacteristics. 

3.0  WIND  TUNNEL  TEST 

The  wind  tunnel  evaluation  of  the  fluids  was  performed  at  the 
NASA  Lewis  Research  Center  1RT  during  February  1990.  The 
testing  was  a  joint  effort  of  Boeing.  NASA,  and  various  fluid 
manufacturers.  Boeing  provided  the  wind  tunnel  models  and 
conducted  the  tests  in  cooperation  with  NASA.  The  NASA  Lewis 
Research  Center  provided  and  operated  the  IRT.  Final  documen¬ 
tation  of  the  test  results  will  be  performed  by  NASA.  Fluids 
were  provided  by  a  variety  of  fluid  manufacturers,  as  noted  in 
Table  I.  This  test  was  a  follow-on  of  the  test  reported  earlier  in 
Reference  5. 

3.1  Test  Facility,  Models,  and  Technique 

The  NASA  Lewis  IRT  layout  is  shown  in  Figure  2.  Tunnel  tem- 
[icrature  can  be  varied  from  27°C  to  -29°C  (8 1  °F  to  -2()°F)  in  the 
6.1m  (20-ft)  long  test  section.  Boeing  provided  force  balances,  a 
data  acquisition  system,  and  photographic  and  video  equipment 
to  supplement  the  NASA  Lewis  IRT  data  system  and  instrumen¬ 
tation.  Tlic  data  acquisition  system  consisted  of  28  channels  of 
analog-to-digital  converters  and  signal  conditions  that  were 
sampled  at  4  Hz  by  an  HP9845  computer.  Data  were  (hen 


transferred  from  the  HP9845  memory  to  a  DEC  MicroVAX  mini¬ 
computer  for  processing,  analysis,  and  plotting. 

Figures  3  and  4  show  details  of  the  models  tested  The  0  46m 
( 1.5-ft)  chord  two-dimensional  model  was  a  0. 1 8-scale  model  of 
the  737-200ADV  airfoil  at  approximately  65%  semispan.  The 
size  of  the  two-dimensional  model  was  limited  to  25%  of  the 
wind  tunnel  heigh!  to  avoid  excessive  wall  effects.  The  model 
was  mounted  to  turntables  and  balances  located  within  a  pair  of 
splitter  walls  The  three-dimensional  model  was  a  0.091-scalc 
half  model  of  the  737-200ADV  that  was  mounted  to  one  of  the 
splitter  walls  by  a  turntable  and  balance.  Most  of  the  three-di¬ 
mensional  model  testing  was  performed  with  a  ground  plane  in 
place.  The  models  provided  the  capability  of  testing  the  configu¬ 
rations  shown  in  Figure  5:  however,  testing  was  only  performed 
at  Flaps  5  with  sealed  slats  configuration. 


Plan  view 


•  737-200AOV 

•  0  091  scale 

•  Average  chord  -  0  305m  ( 1  ft) 

•  With  and  without  ground  plane 

•  Slat  sealed 

•  Flaps  5 


Figure  3.  Three-Dimensional  Half  Model. 


•  Airfoil  of  737-200ADV  at  65%  semispan 

•  0  t8  scale 

•  Slat  sealed 

•  Flaps  5 


Figure  4.  Two-Dimensional  Model. 


Figure  5.  Two-Dimensional  Model  Configurations. 

After  the  model  was  cleaned,  wiped  with  a  cloth  dampened  with 
a  50:50  watcr/Typc  1  fluid  mixture,  and  the  fluid  specimen  poured 
from  a  2L  container  and  leveled  to  the  desired  film  depth,  the 
model  and  fluid  were  exposed  to  the  cooled  wind  tunnel 


environment  for  5  min  under  essentially  static  conditions.  The  5- 
min  exposure  time  allowed  the  temperature  of  the  precooled  fluid 
specimen  to  come  into  equilibrium  with  the  temperature  of  the 
model  and  wind  tunnel.  Also,  the  exposure  time  was  representa¬ 
tive  of  time  required  for  an  aircraft  to  taxi  to  a  runway  for  takeoff 
after  deicing/anti-icing  had  been  completed.  The  wind  tunnel 
flow  velocity  was  linearly  increased  to  69  m/s  (135  keas)  in 
approximately  30  sec,  and  the  model  was  rotated  from  the  taxi 
attitude  (0  deg)  to  the  desired  attitude  at  a  rotation  rate  of 
3  deg/s  at  25  sec  after  the  start  of  the  tunnel  acceleration.  The 
tunnel  flow  velocity  increase  and  model  rotation  simulated  the 
shear  stress  history  that  would  occur  during  a  typical  all-cngines- 
operalmg  takeoff  for  a  large  commercial  jet  transport.  Data  were 
continuously  acquired  from  the  start  of  the  tunnel  flow  to  30  sec 
after  the  model  was  rotated  through  the  stall  angle  of  attack  Data 
acquired  in  the  previous  test  using  a  pitch-and-pausc  technique 
verified  that  accurate  data  could  be  obtained  using  the  more  ef¬ 
ficient  continuous  pitch  data  acquisition  technique.  The  typical 
online  data  plot  shown  in  Figure  6  illustrates  the  testing  tech¬ 
nique  used  and  the  force  data  acquired. 


Runbr*  ifC 

Figure  6.  Typical  Online  Data  Plot 
3.2  Results 

The  following  is  a  detailed  description  of  results  from  the  Phase 
II  ( 1990)  wind  tunnel  test  that  are  of  genera!  interest.  Additional 
testing  was  performed  during  Phase  II  to  evaluate  new  and  ex¬ 
perimental  deicing/anti-icing  fluids  All  the  data  from  Phase  H 
will  be  provided  in  a  forthcoming  NASA  report  oil  the  test. 

The  opportunity  to  collaborate  with  NASA  and  the  fluid  manu¬ 
facturers  in  a  second  entry  into  the  NASA  Lewis  IRT  2  years 
after  Phase  1  allowed  the  carla  limited  database  to  be  expanded 
to  include: 

a.  Aerodynamic  evaluations  of  currently  available  undiluted 
and  diluted  Type  11  fluids  on  both  the  three-dimensional 
half  model  and  the  two-dimensional  model. 


b.  Examination  of  the  difference  in  effects  between  the  vari¬ 
ous  glycol  temperature  depressants  used  in  Type  I  fluids. 

c.  Acquisition  of  data  to  support  development  of  an  aerody¬ 
namic  acceptance  test  for  deicing/anti-icing  fluids. 

d.  Further  aerodynamic  experimentation  for  fluid  manufac¬ 
turers  to  develop  technology  for  improved  fluids. 

e.  A  cursory  look  at  the  effect  of  precipitation  on  the  flow-off 
characteristics  of  a  Type  II  fluid. 

Figure  7  is  a  synopsis  of  the  737-200ADV  half  model  data  ob¬ 
tained  with  currently  available  deicing/anti-icing  fluids.  Maxi¬ 
mum  lift  loss  and  the  lift  loss  measured  at  8-deg  angle  of  attack, 
extracted  from  Figures  7a  and  7b,  respectively,  for  neat  deicing/ 
anti-icing  fluids,  are  shown  at  specific  temperatures  in  Figure  8. 
The  8-deg  angle  of  attack  attitude  is  representative  of  an  engine- 
inoperative  takeoff  climb  attitude  at  model  Reynolds  number. 
For  the  fluids  shown,  the  ethylene  glycol-based  Type  1  and  Union 
Carbide  AAF  250-3  Type  II  fluids  are  the  least  intrusive.  At  a 
representative  cold  day  temperature  of  -20°C  (-4°F),  the  aerody¬ 
namic  effects  of  Kilfrost  ABC-3  and  SPCA  AD  1 04  Type  II  flu¬ 
ids  arc  similar  to  the  European  AEA  Type  I  fluid;  however,  the 
effects  of  the  AEA  Type  I  diminish  rapidly  with  increasingly 
wanner  temperatures.  The  comparatively  high  sensitivity  of  the 
proplyene  glycol  Type  I  fluid  lift  loss  with  temperature  is  also 
evident.  The  comparative  results  of  the  ethylene  and  propylene 
glycol  Type  1  fluids  reflect  the  viscosity  differences  between  the 
fluids,  as  shown  in  Figure  1. 

The  effects  of  dilution  on  maximum  lift  loss  and  lift  loss  mea¬ 
sured  at  8-deg  angle  of  attack,  with  data  again  extracted  from 
Figures  7a  and  7b.  respectively,  for  the  neat  and  diluted  Type  1 
and  Type  II  fluids,  arc  shown  at  specific  temperatures  in  Figure 
9.  Because  of  economics  and  the  eutectic  nature  of  glycol  mix¬ 
tures.  Type  I  fluids  are  diluted  before  they  arc  applied  to  aircraft. 
For  this  reason  the  diluted  Type  I  fluid  lift  losses,  which  are  sig¬ 
nificantly  less  than  those  of  neat  AEA  and  propylene  glycol- 
based  Type  I  fluids,  are  most  representative  of  what  would  be 
encountered  in  operational  use.  Conversely.  Type  II  fluids  arc 
used  operationally  either  neat  or  diluted.  The  temperatures  se¬ 
lected  for  display  are  representative  of  the  approximate  lower 
limit  temperatures  for  operational  use  of  the  particular  dilutions 
of  the  Type  II  fluids.  Figure  9  shows  that  a  25 %  dilution  of  the 
Type  II  fluids  did  not  result  in  significant  maximum  lift  loss 
differences  when  compared  to  undiluted  fluid  results.  The  dilu¬ 
tion  investigation  was  conducted  to  address  concerns  with  the 
characteristic  of  some  Type  II  fluids  to  have  higher  viscosity 
when  diluted  approximately  25%  with  water.  Res  ilts  of  the  in¬ 
vestigation  suggested  that  the  aerodynamic  effects  of  the 
increased  viscosity  were  compensated  by  the  change  m  elasticity 
of  the  diluted  fluid. 
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Figure  7a.  Fluid  Effect  on  Maximum  Lift. 
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•  737-200ADV,  3D  half  model  ©  Dow  Flightgard  2000  ©  Octagon  ADF1427  (PG) 

•  Flaps  5  ©  Kilfrost  ABC-3  ©  UCAR  ADFIID  (EG) 

•  NASA  Lewis  IRT,  February  1990  ©  Hoechst  VP1732  (AEA  Type  I) 

10 


Ull  c 

loss,  % 


0 

Temperature.  °C 
Fluid 


U114023I  B3s 

Figwe  9.  Aerodynamic  Effects  of  Deicing! Anti-Icing  Fluids  at  Operational  Concentrations. 


The  transitory  nature  of  deicing/anti-icing  fluids  is  shown  in 
Figure  10.  These  data  were  obtained  by  pausing  for  approxi¬ 
mately  1 0  and  30  sec  at  the  8-deg  angle  of  attack  attitude  and  then 
resuming  the  pitch  sweep  to  the  test  limit  pitch  attitude.  These 
data  proved  useful  when  evaluating  the  additional  time- 
dependent  effects  of  the  fluid  on  airplane  takeoff  and  climb 
l>erformancc. 


•  Fbjhtgaul  2000  a!  -?0rC 


Figure  10a.  Maximum  Lift  Loss  Variation  With  Time. 


•  Fluid  3  al  -20’C 
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Time  after  liftoff,  sec 

Figure  1 0b.  Drag  increase  Variation  With  Time. 


Figw  ell.  Lift  Loss  Due  to  Fluids  With  Simulated 
Piecipitation. 


Results  shown  in  Figure  1 1  for  the  two-dimensional  model  indi¬ 
cate  percentage  lift  losses  at  8-deg  angle  of  attack  that  are  larger 
than  those  at  maximum  lift.  This  trend  is  different  from  that 
observed  on  the  three-dimensional  model  and  indicates  the  im¬ 
portance  of  three-dimensional  and  configuration-specific  testing 

Boundary  layer  data  were  obtained  on  the  two-dimensional 
model  using  a  rake  of  10  total  pressure  probes  and  one  static 
pressure  probe  located  al  the  trailing  edge  of  the  airfoil's  fixed 
trailing  edge.  The  effect  of  the  fluid  as  well  as  of  solid  roughness 
on  the  boundary  layer  profile  is  clearly  evident  in  Figures  12a 
and  12b.  The  time-dependent  nature  of  the  fluid  effect  on  the 
boundary  layer  and  its  relation  to  lift  ’  sss  is  also  shown  in  Figure 
12b.  Data  below  5.08  mm  (0.2  in)  were  not  obtained  with  fluid 
on  the  model  because  the  lower  total  pressure  probes  were 
plugged  to  prevent  fluid  contamination.  From  these  data,  the 
boundary  layer  displacement  thicknesses.  8*.  were  computed  for 
several  currently  used  dcicing/anti-icing  fluids. 


The  effects  of  precipitation  contamination  on  the  flow-off  be¬ 
havior  of  Type  II  fluids  were  evaluated  on  the  two-dimensional 
model  by  spraying  an  amount  of  water  over  the  model  that  was 
equivalent  to  10%  and  20%  of  the  undiluted  fluid  that  had  been 
applied  to  the  model.  Results  of  this  evaluation  are  shown  in 
Figure  1 1.  At  the  colder  temperatures  the  lift  losses  cither  arc 
higher  with  (he  sprayed  water  than  with  equivalent  water  mixed 
into  solution  with  the  Type  II  fluid,  or  the  lift  loss  did  not  dimin¬ 
ish  with  the  simulated  precipitation.  Video  recordings  revealed 
titat  at  the  colder  temperatures  the  simulated  precipitation  formed 
a  sheet  of  ice  on  top  of  the  deicing/anti  icing  fluid  layer  rather 
than  being  melted,  if  frozen  before  reaching  the  dcicing/anti-icing 
fluid,  and  absorbed  into  solution.  Tins  evaluation  is  not  consid¬ 
ered  conclusive,  but  does  suggest  that  further  study  is  needed. 


Figure  12a.  Two-Dimensional  Model  boundary  Layer 
Velocity  Profile. 


Fig.  8  WIND-INDUCED  SURFACE  WAVES  ON  AN  ANTI-ICING  FLUID 
LAYER  DEPOSITED  ON  UPPER  WING  SURFACE 
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Figure  12  b.  Boundary  Layer  Velocity  Piofiles  and  Lift 
Level  With  Solid  Roughness  and  Fluid. 

If  the  hypothesis  is  valid  mat  the  mechanism  of  the  fluid  effect 
on  the  aerodynamics  of  the  wing  is  premature  growth  of  the 
boundary  layer,  then  a  correlation  between  the  prematurely  thick¬ 
ened  boundary  layer  and  the  aerodynamic  effects  can  be  antici¬ 
pated.  Figure  1 3  illustrates  the  excellent  correlation  obtained  with 
the  two-dimensional  model  between  the  boundaty  layer  displace¬ 
ment  thickness  with  fluids  and  the  resultant  lift  loss  at  8-deg  angle 
of  attack.  Because  the  two-dimensional  model  airfoil  was  ex¬ 
tracted  from  the  critical  (relative  to  stall  progression) 
7.V7-200ADV  w  ing  section,  and  assuming  that  the  thickened 
boundary  layer  measured  at  8-deg  angle  of  attack  was  an  indica¬ 
tor  of  the  effect  of  the  fluid  at  maximum  lift,  an  acceptable  cor¬ 
relation  between  the  two-dimensional  model  boundary  layer 
thickness  and  the  three-dimensional  model  maximum  lift  loss 
can  also  be  anticipated  This  correlation  is  shown  in  Figure  14. 
These  results  indicate  that  the  fluid  effects  on  the  boundary  layer 
thickness  are  an  indicator  of  the  fluid  effects  on  airplane  perfor¬ 
mance  1  he  extrapolation  of  lift  loss  measured  in  the  wind  tunnel 
to  full  scale  on  a  !  • !  basis  base  been  discussed  in  Reference  6. 
Similar  correlations  were  found  for  simulated  frost  (i.e..  solid 
roughness)  lift  and  drag  increments  during  earlier  Boeing  flight 
and  wind  tunnel  tests  (Ref.  7). 


20  boufxtory  Ljye/  d-spOcomcnt  thicknew  (&*)  ai  JO  nvn 

Figure  13.  737-200ADV  Two-Dimensional  Lift  Loss! 

Boundaty  Lava  Displacement  Thickness 
Correlation. 


Figure  14.  Lift  LossIBotmdary  Layer  Displacement 
Thickness  Cot  relation. 

3.3  Conclusions 

Conclusions  drawn  from  the  wind  tunnel  test  include  the 
following: 

a.  Depending  on  temperature.  Newtonian  Type  I  and  non- 
Newtonian  Type  II  fluids  produce  measurable  adverse 
aerodynamic  effects. 


b.  For  the  full  three-dimensional  model,  lift  loss  at  maximum 
lift  is  greater  than  that  at  lower  angles  of  attack. 

c.  Fluid  aerodynamic  effects  arc  transitory. 

d.  The  fluid  effects  vary  with  airplane  configuration. 

c.  Aerodynamic  effects  of  the  fluids  correlate  well  with 
boundary  layer  thickening  caused  by  the  fluids. 

f.  Aerodynamic  effects  of  the  fluid  vary  with  specific 
fluids,  and  viscosity  is  not  the  only  governing  rheological 
parameter. 

4.0  AERODYNAMIC  ACCEPTANCE  CRITERIA 

Traditionally,  aircraft  have  been  deiced  and  anti-iced  and  dis¬ 
patched  without  concern  for  airplane  performance  effects.  What¬ 
ever  effects  the  fluids  had  on  airplane  performance  were  consid¬ 
ered  within  the  safety  margins  provided  by  airworthiness  and 
operational  regulations.  Results  of  flight  and  wind  runnel  tests, 
discussed  previously  and  in  References  5  and  6,  clearly  show 
that  the  transitory  aerodynamic  effects  of  the  fluids  arc  not 
negligible. 

Therefore,  an  international  group  was  fonned  during  1 988  under 
the  auspices  of  the  Aerospace  Industries  of  America  Transport 
Committee  (A)  A  TC)  to  consider  the  aerodynamic  effects  of  the 
fluids.  The  A1 A  TC  2 1 8-4  group  consisted  of  active  representa¬ 
tives  from  Airbus  Industrie.  Boeing.  British  Aerospace.  Fokker. 
and  McDonnell  Douglas,  with  assistance  from  the  AEA  and  the 
von  Kannaii  Institute  for  Fluid  Dynamics  The  result  of  the 
group's  efforts  was  definition  of  an  acrorly  namics  acceptance  test 
that  establishes  minimum  standards  for  dcicmg/anti-icing  flow- 
off  characteristics. 

4.1  Airplane  Performance  Considerations 

With  all  engines  oper.  ‘nig,  the  effcc's  of  dcicing/ami-icing  flu¬ 
ids  on  airplane  performance  are  considered  negligible  However, 
with  an  engine  failure  at  the  critical  engine  failure  speed.  V,.  and 
when  the  aircraft  is  operating  at  minimum  allowable  performance 
levels,  adverse  aerodynamic  effects  of  the  fluids  can  become 
more  evident  and  significantly  affect  lakeolf  and  climb  perfor¬ 
mance.  Because  of  the  low  probability  of  a  performance-limited 
airplane  having  an  engine  failure  at  V,  with  the  fluid  present, 
previous  unrestricted  use  of  dcicmg/anti-icing  fluids  lias  had  an 
excellent  operational  record.  However,  airworthiness  regulations 
do  require  consideration  of  an  engine  failure  at  V,  when  sched¬ 
uling  airplane  performance.  Prudence  dictates  that  criteria  lie 
defined  to  ensure  adequate  airplane  perfonnar.  when  operat¬ 
ing  near  minimum  performance  levels  with  a  failed  engine  and 
tile  fluids  present. 

The  criteria  that  have  been  established  encourage  proper  aircraft 
ground  dcicing/anti-icing  procedures,  so  that  the  intent  of  regu¬ 
lations  requiring  that  aircralt  lie  free  of  ice.  snow,  and  frost  arc 
met  without  undue  takeoff  performance  adjustments.  Underly¬ 
ing  considerations  of  the  takeoff  performance  criteria  include 
the  following: 

a.  Aircraft  safety  is  paramount. 

b.  The  fluid  effects  are  transitory. 

c.  Newtonian  fluids  have  been  safely  used  without  opera- 
tiona1  performance  adjustments. 

d.  Non-Newtonian  fluids'  aerodynamic  characteristics  are 
similar  to  some  Newtonian  fluids  at  colder  temperatures. 

e.  Non-Newtonian  fluids  have  been  successfully  used  by 
European.  Asian,  and  North  American  airlines. 

f.  Both  Newtonian  and  non-Newtonian  fluids  will  be  used, 
depending  on  anti-ice  protection  requirements. 

g.  Caution  is  required  when  considering  use  of  fluids  on  a 
contaminated  runway. 

Specific  aspects  of  the  takeoff  maneuver  addressed  by  the  crite¬ 
ria  include: 

a.  Adequate  margin  between  the  takeoff  safety  speed.  V,,  and 
the  Ig  stall  speed. 

b.  Adequate  margins  between  liftoff  and  minimum  unstick 
speeds. 

c.  Adequate  aflbody  runway  clearance  during  takeoff. 
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d.  Adequate  takeoff  acceleration  and  clint'j  capabilities, 
c.  Adequate  maneuver  capability  to  stall  warning. 

Of  these  five  criteria,  the  first  is  most  critical.  A  minimum 
speed  of  1.1  VSl(  was  selected.  The  10‘S-  V,  speed  margin  to  the 
I  g  stall  speed  compares  with  a  1 3%  margin  airworthiness  require¬ 
ment  currently  used  for  the  nominal  dry.  clean  wing.  For  aircraft 
whose  normal  V,  speeds  arc  at  the  minimum  margin.  1 . 1 3  VS|(, 
the  acceptable  maximum  lift  loss  resulting  from  reducing  the 
minimum  margin  V,  speed  to  1.10  VS|f  forthe  fluids  is  5.24%. 
Note  that  for  aircraft  whose  V,  speed  margin  to  the  lg  stall  speed 
is  larger,  the  concert  for  adverse  effects  of  the  fluids  on  stall 
speed  is  diminished.  The  acceptable  5.24%  maximum  lift  loss 
defines  a  criterion  for  acceptable  fluid  fiow-off  behavior.  The 
above  discussion  can  be  expressed  by  the  following  relations. 

Criteria: 

Dry  V2=  1.13  Vj>d 

With  fluid  V,  >1.10  v!™ 

Equations: 


C Fluid  pDf\  »  fdliltd 

I  MA\  —  M  M4\  *  MW 

To  meet  minimum  \W  speed  margin: 

ipPuiJ 

U'-Lmw  <  ^  ->4^ 

^Drv  ** 

Mmw 

4.2  Fluids  Aerodynamic  Acceptance  Test 

'n  light  of  the  results  of  the  flight  and  wind  tunnel  evaluations  of 
the  deicing/anti-King  fluids  and  the  influence  oi  ‘-c  fluids  on 
airplane  ,ic!  ‘bmtancc.  the  AIA  TC  218-4  group  s  ublished  an 
ae  !  lainu  acceptance  test  to.  the  fluids. 

Kescareh  iterfonned  t.i  the  von  Kannan  Institute  indicated  that 
.lutd  flaw-off  bchii.mrcc.uld  be  observed  on  a  flat  surface  <n  a 
small  cooled  wind  tunnel  that  was  capable  of  operational  takeoff 
speeds  and  icmperale'es.  Also,  correlation  was  shown  between 
lift  losses  measured  on  two-du. lensionj  •  md  tunnel  models  and 
the  flat  plate  fluid  1  ounuary  laye-  •’  splacent  m  thickness  (Ref 
8).  These  results  suggested  that  u  re  t.veh  simple  .  jst-ellec- 
,ive  aerodynamic  acceptance  te-‘  fort.oundde.cr  ;  fiunNcorlu 
be  established  by  measuring  the  fluid's  boundary  luyei  dc  pta'".- 
mert  thickness  on  a  flat  plate  m  a  small,  cooled  wind  tunnel 

Further  validation  of  the  aerodynamic  acceptance  test  was  pro¬ 
vided  by  the  force  and  boundary  layer  data  obtained  during  this 
1990  reentry  into  the  NASA  Lewis  IRT  Figures  1 3  and  14  illus¬ 
trate  correlations  between  lift  losses  measured  on  the  two-dimen¬ 
sional  and  three-dimensional  737-200ADV  wind  tunnel  models 
and  the  boundary  layer  displacement  thvkness  measured  on  the 
two  dimensional  model  at  8-dcg  angle  of  attack.  Figure  15  illus- 
tiates  ‘he  correlation  between  the  two-dimensional  model  fluid 
boundary  layer  thickness  measurements  and  the  flat  plate  fluid 
boundary  layer  thickness  measurements  made  at  the  von  Kantian 
Institute.  The  correlations  shown  in  Figures  13  through  15  sug¬ 
gest  that  737-200ADV  lift  losses  resulting  from  a  fluid  can  be 
directly  correlated  with  the  fluid's  boundary  layer  displacement 
thickness  measur'd  on  a  flat  surface.  This  correlation  is  shown 
m  Figure  16. 


Figure  15.  Flat  PlatelTwo-Dimensional  Airfoil  Con  ela¬ 
tion  of  Boundary  Layer  Displacement 
Thickness. 


Figure  16.  A  irplane  Pet formant  el  Fluid  Acceptance 
Correlation. 


Based  on  the  allowable  maximum  lift  loss  of  5.24%.  the 
737-200ADV  correlation  shown  in  Figure  16  indicates  that  a 
maximum  fluid  boundary  layer  displacement  thickness  of 
9.15  mm  would  be  acceptable.  Specific  values  of  maximum  ac¬ 
ceptable  fluid  boundary  layer  displacement  thickness.  8*.  will 
depend  on  the  values  obtained  for  the  dr\  flat  8*  and  reference 
fluid  5*  obtained  in  the  particular  acceptance  lest  facility.  Bound¬ 
ary  layer  thickness  measurements,  made  at  the  von  Kannan  In¬ 
stitute.  of  several  currently  used  dcicing/anti-ictng  fluids,  sh  jwn 
m  Figute  17.  indicate  that  the  fluid  boundary  layer  (luckncs .  tends 
to  become  thinner  at  wanner  temperatures  This  trend  suggests 
that  requiring  a  thinner  boundary  layer  displacement  thick  r.css  at 
the  warmer  temperature  would  lie  prudent  because  Iowa  lift 
losses  would  lie  required  at  temperatures  where  contaminated 
runways  might  lie  encountered.  The  resulting  fluid  boundary 
layer  displacement  thickness  acceptance  criterion  is  shown  in 
Figure  17,  Details  of  the  acceptance  lest  are  provided  in 
Reference  9. 


•  «*  fcy  nuns 
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Figure  1 7.  Aircraft  Ground  Deicing/Aitti-lang  Finals 
Acceptance  Ct  net  ion. 

Compliance  with  the  acceptance  test  is  considered  a  minimum 
requirement  for  acceptable  aircraft  ground  dcicmg/anti-icing  flu¬ 
ids  An  airtianic  manufacturer  may  impose  additional  require¬ 
ments  that  reflect  considerations  for  airplane  designs  that  are 
different  from  the  737-200ADV  and  for  performance  criteria  not 
addressed  by  the  acceptance  test.  The  acceptance  test  is  being 
incorporated  as  a  requirement  by  fluid  specifications  promul¬ 
gated  by  the  AEA,  the  Society  of  Automotive  Engineers,  and  the 
Intcmalion?'  Standardisation  Organization.  In  addition  to  the  von 
Kannan  Institute,  the  University  of  Quebec  at  Chicoutimi  has 
recently  provided  facilities  and  services  to  perfonn  the  tes' 

5.0  CONCLUSIONS 

The  latest  wind  tunnel  tests  have  shown  that,  depending  on  tem¬ 
perature  and  specific  fluid  characteristics.  Type  i  and  Type  I! 
ground  dcicing/anti-icmg  fluids  measurably  affect  airplane  lift 
and  drag.  Limiting  the  adverse  aerodynamic  effects  of  the  fluids 
is  considered  prudent,  especially  for  one-enginc-inopcrative, 
performance-limited  takeoffs.  An  aerodynamic  acceptance  test 
standard  has  been  established  and  is  being  incorporated  into  rec¬ 
ognized  fluid  specifications  to  ensure  that  fluids  used  by  airlines 
to  detce/anti-ice  large  commercial  atr  transports  have  acceptable 
flow  off  and  aerodynamic  characteristics. 
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ROUND  TABLE  DISCUSSION 
EFFECTS  OF  ADVERSE  WEATHER  ON  AERODYNAMICS 
Prof.  Ir.  J.W.  Sloof,  National  Aerospace  Laboraory  NLR,  Netherlands 

Good  morning.  This  brings  us  to  the  final  part  of  this  Specialists'  meeting  which  consists  of  two  parts; 
the  first  part  is  the  Technical  Evaluator's  remarks  and  after  that  we  will  hopefully  have  an  interesting 
and  aggressive  discussion  of  issues  that  came  up  during  the  past  three  days.  As  I  said  on  Monday,  the 
Program  Committee  was  very  happy  that  we  found  Mr.  Reinmann  ready  to  take  up  the  job  as  the  Technical 
Evaluator.  For  those  of  you  who  are  not  familiar  with  AGARD  procedures,  I  should  perhaps  mention  that  the 
technical  evaluator  has  two  tasks;  one  is  to  give  an  on-the-spot  verbal  evaluation  of  the  meeting  which  is 
going  to  be  held  in  a  minute  or  so,  and  secondly  he  has  to  provide  a  written  report  afterwards  that  I  am 
sure  you  will  all  be  interested  in  reading. 

Mr.  Jack  Reinmann  got  his  Bachelor's  and  Master's  in  Mechanical  Engineering  from  Case  Institute  of 
Technology  in  Ohio  and  alco  a  Master's  in  Physics  from  John  Carroll  University.  After  that  he  spent  six 
years  with  TRW  Inc.  working  on  zero  gravity  heat  transfer  and  fluid  mechanics  problems  of  liquid  metals 
for  space  power  applications.  He  spent  fifteen  years  at  NASA  Lewis  Research  Center  in  Cleveland,  Ohio 
working  in  advanced  space  propulsion  concepts  conducting  design  studies  for  thermonuclear  propulsion 
systems  and  conducted  experimental  high  temperature  plasma  physics  research.  It  is  since  1978  that  he  has 
been  active  in  the  adverse  weather  business,  if  I  may  say  so.  He  started  up,  in  that  year,  a  program  on 
aircraft  icing  and  has  continued  to  work  in  that  area  since  then.  As  you  will  all  have  experienced  these 
last  few  days,  he  is  an  internationally  recognized  expert  in  that  field  and  I  am  very  happy  that  we  have 
him  to  do  the  technical  evaluation  job.  So,  Jack,  if  I  may  ask  you  to  take  the  microphone. 

Mr.  J.  Reinmann,  NASAS  Lewis  Research  Center,  USA 

I  thank  the  committee  for  inviting  me  to  be  the  technical  evaluator  and  I  want  to  start  off  by  reviewing 
the  purpose  of  this  meeting  as  stated  in  some  literature  that  I  received.  It  is  to  review  the  state  of 
the  art  with  respect  to  (1)  prediction  (which  would  be  code  work),  (2)  simulation  (which  is  the 
experimental),  and  (3)  measurements  of  the  effects  of  icing,  anti-icing  fluids  and  precipitation  (which  in 
our  case  was  frost  and  heavy  rain)  on  the  aerodynamic  characteristics  of  flight  vehicles.  I  think  that 
this  committee  has  done  an  excellent  job  of  getting  representative  papers  in  every  one  of  those  areas.  I 
just  want  to  congratulate  the  committee  for  that  good  selection  of  papers. 

There  were  several  review  papers  at  the  beginning  of  this  meeting.  They  reviewed  previous  meetings  that 
were  relevant  to  this  meeting.  The  first  was  "Flight  and  Adverse  Environmental  Conditions",  held  in  Gol, 
Norway  in  May  1989.  There  is  a  .conference  publication  available  on  that,  AGARD  CP-470.  Mr.  Ranaudie 
presented  the  results  relevant  to  this  meeting.  One  important  point  was  on  wind  shear  and  crew  procedure 
during  a  downburst.  You  should  avoid  it  if  you  can,  but  if  you  get  caught  in  a  dounburst,  pull  up  to  an 
attitude  of  15  degrees,  full  throttle,  and  forget  all  previous  experience.  He  made  the  strong  point  by 
his  illustrations  that  pilots  need  simulator  training  in  downbursts.  I  thought  that  another  interesting 
point  that  came  out  of  that  meeting  was  on  the  flight  control  laws  for  the  A320,  which  has  stall 
protection.  It  is  the  only  airplane  that  can  fly  near  CL  max.  The  A320  has  auto  triggering  at  full 
thrust  at  high  alpha  when  the  pilot  pulls  pitch  control.  In  the  future,  they  will  have  built  into  those 
control  laws  a  wind  shear  warning  and  automatic  reaction  system. 

Prof.  Jacques  presented  a  review  of  another  related  meeting.  It  was  on  "Low  Temperature  Environmental 
Operations  of  Turboengines  (Design  and  Users  Problems)",  held  in  Brussels,  Belgium  in  October  1990.  There 
is  an  AGARD  Conierence  Pre-Publication  Report  480,  and  I  believe  that  there  is  also  going  to  be  a 
Conference  Publication  Report  on  that.  Prof.  Jacques  reviewed  operational  concerns  for  engines;  one  is 
ice  build-up  in  the  inlet,  which  can  cause  flow  distortion  that  in  turn  leads  to  compressor  surge  and 
stalls.  Ice  ingestion  can  damage  fan  blades.  He  showed  several  solutions  to  inlet  screen  icing  and  ice 
build-up  problems  in  the  inlet  ducts;  wst  solutions  involved  some  kind  of  a  by-pass  system.  He  discussed 
icing  test  facilities  available  worldwide  and  some  cf  the  calibration  concerns.  He  also  indicated  that 
extensive  use  is  now  being  made  of  water  droplet  trajectory  codes  and  ice  accretion  prediction  codes, 
which  is  one  of  the  major  topics  of  this  meeting. 

The  invited  presentation  by  Mr.  Cattaneo.was  "The  Evolution  of  Regulation  Addressed  to  Certification  of 
Airplanes  in  Icing  Conditions”.  I  will  do  my  best  here  to  sumnarize  what  I  think  was  said  in  that  paper. 
The  FAR/JAR  25  regulations  are  clear  on  what  must  be  demonstrated  for  icing  certification,  but  they  are 
fuzzy  on  how  to  demonstrate  compliance  regarding  the  flight  safety  for  performance  and  handling  qualities 
in  icing.  Mr.  Cattaneo  suggested  more  standarized  methodologies  for  demonstrating  flight  safety 
compliance.  He  recommended  extensive  flight  testing  with  artificial  ice  shapes  as  predicted  by  computer 
codes  on  the  leading  edges  of  the  airfoils.  For  takeoff,  he  pointed  out  that  some  aircraft  cannot  turn  on 
their  ice  protection  system  until  airborne.  For  some  small  transport  aircraft,  the  ice  protection  system 
can't  be  turned  on  until  at  about  400  feet,  and  it  can  take  about  4  minutes  to  reach  that  altitude. 
Extensive  ice  could  build  up  during  climbout.  It  is  his  suggestion  that  if  that  is  the  case  then  the 
forward  leading  edge  of  the  wings  and  tail  should  be  modelled  with  an  art^icial  ice  shape.  Under  cruise, 
the  ice  shapes  needed  are  only  on  the  unprotected  surfaces.  For  ice  protection  failure  in  flight  he 
recommends  what  size  ice  to  use.  He  stresses  heavily  that  performance  and  handling  qualities  must  be 
validated  in  natural  icing.  But  as  I  recall,  his  artificial  ice  shape  test  results  were  always  more 
conservative  than  the  natural  icing  test  results,  so  he  felt  that  he  could  rely  on  the  artificial 
testing.  When  the  pilot  turns  the  ice  protection  system  on,  stall  warning  should  occur  at  the  angle  of 
attack  appropriate  to  lower  stall  angle  found  with  ice  contamination.  That  is  an  important  point. 

Next  we  shall  discuss  paper  number  2  in  the  program  by  Mr.  Ralph  Brumby.  He  was  unable  to  attend  the 
meeting  and  present  the  paper,  but  I  think  It  is  an  important  paper.  It  sets  the  stage  for  much  of  what 
is  going  to  follow.  I  thought  I  would  spend  some  time  on  it.  This  figure  is  a  plot  of  percent  increase 
in  stall  speed  (on  the  left  hand  ordinate)and  percent  decrease  in  CL  max  (on  the  right  hand  ordinate) 
against  roughness  height  ratio,  the  height  ratio  divided  by  the  wing  chord,  K/C.  The  left  most  curve  is 
for  roughness  over  the  entire  upper  surface  with  the  slats  retracted.  The  dotted  line  is  for  slats  fully 
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extended.  The  point  that  he  made  here  is  that  if  you  have  the  slats  fully  extended,  you  can  recover  some 
of  the  lift  loss  caused  by  upper  surface  roughness.  That  is  the  point  that  Tom  Zierten  was  making  earlier 
in  the  meeting.  If  you  have  roughness  on  the  leading  edge  only,  you  get  these  right  hand  curves.  And 
with  the  slats  extended  you  again  get  considerable  recovery.  Unfortunately,  he  didn't  do  the  case  for 
roughness  over  only  a  portion  of  the  upper  surface.  It  would  have  been  interesting  to  see  what  he  got  for 

roughness  over  say  the  first  30%  or  so,  or  for  roughness  removed  over  the  first  30%.  Let's  put  some  other 

numbers  on  here.  Three  tenths  of  a  millimeter  roughness  height  for  a  ten  foot  chord  airplane  wing  gives  a 
K/C  of  0.0001  and  .5  millimeters,  about  0.00016.  We  heard  from  Professor  Kind  that  it  is  difficult  to 
find  frost  greater  than  about  .5  millimeter.  We  are  looking  at  a  K/C  of  0.00016,  and  if  you  have 
roughness  over  the  entire  surface,  you  see  that  when  you  extend  the  flaps  you  do  get  a  little  performance 

back.  At  .3  mm  or  a  K/C  of  0.0001  you  get  more,  but  not  that  much  as  I  expected.  How  if  you  go  to  2 

millimeters,  which  was  the  full-scale  thickness  used  in  a  couple  of  papers,  you  get  a  K/C  of  about 
0.0007.  I  think  the  Fokker  50  study  came  out  to  be  somewhere  between  2  and  3  millimeters  of  roughness 
full-scale.  Mr.  Boer  indicated  that  the  slats  and  flaps  did  not  help  recover  lift,  and  that  clearly 
agrees  with  what  is  shown  here.  If  you  have  very  heavy  surface  roughness,  slats  do  not  help  you.  These 
much  thicker  roughnesses  are  probably  more  representative  of  freezing  rain,  slush,  and  snow. 

There  are  some  scaling  problems  and  so  forth,  however,  the  main  point  is  that  you  better  keep  the 
roughness  and  contamination  off  the  wing.  This  quote  is  from  Brumby’s  concluding  remarks:  "From  an 
aerodynamic  viewpoint  there  is  no  such  thing  as  a  little  ice.  Strict  attention  should  be  focussed  on 
ensuring  that  critical  aircraft  surfaces  are  free  of  ice  contamination  at  the  initiation  of  takeoff". 

This  goes  along  with  the  FAA  policy  of  'clean  wing  concept'.  They  continually  emphasize  to  'keep  it 
clean'.  I  can  say  that  we  continually  see  cases  where  they  are  taking  off  and  not  following  that 
policy.  I  mention  that  in  Cleveland,  Ohio,  in  February  of  this  year  a  jet  airplane  crashed  on  takeoff  in 
moderate  snow  conditions.  It  was  a  mail  plane,  the  pilot  and  co-pilot  were  killed.  There  is  speculation 
that  wing  ice  or  snow  contamination  was  a  contributing  factor. 

I  want  to  try  to  group  some  of  the  papers.  I  think  that  we  covered  the  invited  papers,  except  for  one  of 
the  invited  papers  that  was  given  by  Mark  Potapczuk  and  myself  in  the  second  session.  That  had  to  do  with 
a  survey  of  icing  simulation,  which  included  first,  computer  modelling,  second,  experimental  facilities, 
such  as  the  use  of  either  icing  wind  tunnels  or  inflight  spray  tankers,  and  third,  leading  edge  artificial 
ice  shapes.  Our  survey  paper  basically  set  the  stage  for  the  beginning  of  that  second  session  which  dealt 
with  the  prediction  or  simulation  of  ice  contamination  and  its  effects  on  aerodynamics.  Paper  number  6, 
by  Mr.  Prel,  presented  methods  of  calculating  the  droplet  collection  efficiency  on  three-dimensional 
bodies. 

I  think  that  the  important  point  that  was  made  in  the  paper  by  Mr.  Prel  was  that  if  you  are  going  to  put 
instruments  on  board  an  aircraft  to  record  the  cloud  conditions  you  are  flying  through,  you  should  do  a 
three-dimensional  water  droplet  trajectory  analysis  around  the  airplane.  Many  parts  of  the  airplane  are 
shadowed  from  the  clouds,  and  the  effect  of  the  airplane  flow  field  is  to  concentrate  or  disperse  the 
water  droplets,  and  different  size  droplets  will  concentrate  differently.  Unless  you  know  what  '  ->se 
concentrations  are  you  could  measure  a  water  droplet  size  spectrum  that  is  different  from  the  free-stream 
cloud.  In  some  cases  you  may  miss  the  cloud  totally.  So  I  think  that  droplet  trajectory  calculations 
should  be  done,  and  they  are  being  done. 

Drs.  Potapczuk  and  Bragg  gave  a  paper  on  analyses  and  measurements  of  airfoil  performance  of  finite- length 
swept  and  straight  wings  with  leading  edge  ice  shape. 

Papers  9  and  10  of  that  session  were  on  helicopter  icing  and  again  we  see  that  we  are  beginning  to  develop 
rotor  performance  codes  that  include  the  effects  of  icing  on  the  rotors.  The  paper  by  Mr.  Fleming  also 
indicated  that  there  appears  to  be  promise  in  using  sub-scale  model  rotor  testing  in  an  icing  wind 
tunnel.  The  results  were  rep'.  ..aole,  they  made  sense,  the  trends  were  all  correct.  He  used  a  rotor 
performance  code,  he  incorporated  into  that  rotor  performance  code  an  empirical  icing  aero-performance 
effect  on  rotor  blades  and  was  able  to  match  the  performance  measured  in  the  tunnel  very  accurately  under 
certain  conditions.  Under  other  conditions,  he  overpredicted  penalties  and  in  some  conditions  he 
underpredicted  penalties.  It  appeared  to  be  a  very  promising  technique. 

Mr.  Roger  Gent  wrote  his  rotor  performance  code  and  he  also  made  predictions  against  the  same  wind  tunnel 
data.  I  thought  he  showed  good  agreement  in  some  cases,  and  the  trends  were  always  right.  Mr.  Gent  also 
compared  his  rotor  performance  prediction  with  inflight  full-scale  helicopter  icing  data.  He  showed  a 
fair  amount  of  scatter,  but  the  trends  again  were  in  the  right  direction.  I  think  that  this  is 
encouraging.  One  point  that  Mr.  Gent  made  was  that  he  would  like  to  see  the  empirical  aero-performance 
icing  correlation  in  his  code  replaced  by  an  analytical  code  that  could  predict  both  ice  shape  and  the 
resulting  aero-ptnalties  caused  by  the  ice.  That  is  now  beginning  to  be  done.  We  are  doing  that  at  NASA, 
and  I  think  others  are  also  looking  at  developing  analytical  models  -  boundary  layer  models  or 
Nsvier-Stokes  models  to  predict  aero-performance  penalties  on  iced  rotor  blades. 

Papers  8,  11  and  12  dealt  with  the  effects  of  roughness  on  airplane  aero-performance.  One  very 
interesting  paper,  number  8,  by  Prof.  Kind,  talked  about  the  effects  of  frost  on  wing  aerodynamics  and 
airplane  takeoff  performance.  He  obtained  samples  of  hoar  frost  and  replicated  the  frost  with  a  dissolved 
liquid  plastic  technique  that  I  don’t  quite  understand,  but  I  would  like  to  know  more  about  that.  He 
indicated  that  he  found  it  difficult  to  realize  frost  any  thicker  than  about  0.5  mm.  He  wa3  able  to  put 
the  replicated  frost  in  a  wind  tunnel  on  a  flat  plate  and  obtain  air  boundary  layer  velocity  profiles  over 
the  frosted  surface.  He  got  a  delta  u/u*  shift  by  plotting  the  velocity  profiles  on  a  log-log  plot  and 
using  the  law  of  the  wall.  He  incorporated  these  results  into  a  boundary  layer  development  for  rough 
surfaces  coupled  with  a  non-viscous  panel  method  and  computed  the  effects  of  hoar  frost  on  airfoil 
performance.  I  was  impressed  that  he  could  predict  up  to  and  beyond  CL  max.  He  showed  the  effect  of 
frost  to  be  very  significant  on  CL  max  loss  and  t’le  loss  of  stall  angle.  He  also  indicated  that  if  the 
roughness  starts  where  the  boundary  layer  is  thin,  such  as  at  the  pressure  suction  peak,  the  impact  on 
lift  is  very  strong.  If  it  starts  further  downstream,  it  is  iOt  a  problem.  He  did  point  out  that  .4 
millimeter  can  produce  dramatic  effects.  His  suggestion  was  to  clean  off  the  first  20%  of  the  airfoil  and 
it  might  be  alright. 
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Paper  11  was  a  wind  tunnel  investigation  of  powered  propeller  model  effects  on  airfoil  performance 
degradation  due  to  distributed  upper  surface  roughness  and  leading  edge  ice  shapes.  This  was  a  very 
interesting  paper,  it  considered  not  only  the  upper  surface  roughness  but  also  the  propeller  effects'.  He 
also  investigated  the  effect  of  the  propellar  slip  stream  on  scrubbing  the  roughness  off  of  that  region. 

He  described  a  wind  tunnel  test  of  an  airfoil  on  which  a  propeller  was  mounted.  I  was  impressed  with  the 
effort  there.  The  roughness  height  of  the  model  scaled  to  about  1  to  3  millimeters  on  a  10  foot  chord, 
and  according  to  Ralph  Brumby's  plot,  that  thick  roughness,  is  going  to  give  you  very  serious  effects.  I 
guess  that  there  are  going  to  be  some  questions  about  the  interpretation  if  you  are  using  that  large  a 
frost.  But  it  would  be  a  very  heavy  contamination  if  you  are  going  to  interpret  it.  He  found  that  the 
forward  25  to  30  %  of  the  chord  was  sensitive  to  roughness,  but  again,  at  one  point  he  said  that  if  you 
just  removed  5  to  10%  of  the  wing  leading  edge  ice  you  got  back  to  clean  wing  performance.  But  the 
important  finding  was  that  the  roughened  powered  wing  CL  max  dropped  significantly  below  the  clean 
unpowered  wing.  The  conclusions  were  that  reduced  lift  slope  and  maximum  lift  were  30%  due  to  roughness 
and  could  be  very  significant  in  the  case  of  engine  failure  during  take-off. 

Paper  number  13,  by  Mr.  Boer  presented  a  study  on  the  effects  of  surface  contamination  on  takeoff 
aerodynamics  of  the  Fokker  50.  They  conducted  scale-model  tests  of  a  Fokker  27  in  a  wind  tunnel.  The 
wind  tunnel  test  results  were  used  in  a  fixed  base  engineering  simulator  to  investigate  degradation  in 
performance  of  handling  qualities.  The  roughness  in  their  model  corresponded  to  a  very  heavy  roughness,  2 
millimeter  frost  at  full  scale.  With  a  clean  wing,  the  airplane  is  designed  to  stall  first  at  the  nacelle 
and  work  its  way  out.  This  gives  the  pilot  some  time  to  respond.  Eut  with  roughness,  the  complete 
leading  edge  of  the  wing  stalled  out  simultaneously.  He  also  mentioned  that  the  pilot  will  not  notice  the 
effect  of  contamination  until  rotation  and  then  he  will  need  extreme  stick  force  to  recover  and  probably 
try  to  abort  the  take-off  and  he  will  be  in  big  trouble.  In  this  case,  Mr.  Boer  pointed  out  that  the  use 
of  slats  and  flaps  did  not  affect  the  CL  vs  alpha  curves,  and  I  think  that  with  the  ’arge  2  millimeter 
frost  thickness  that  would  agree  with  the  first  paper  by  Brumby.  Again,  his  message  was  to  clearly 
indicate  the  need  for  clean  wing  at  takeoff,  and  he  believes  it  applies  to  all  airplanes. 

There  was  another  paper  on  the  full  airplane,  number  14.  It  described  the  initial  analysis  and  wind 
tunnel  testing  in  preparation  for  the  icing  certification  of  the  Dornier  328  regional  airliner.  Again,  I 
think  that  the  significant  point  was  that  there  was  a  great  deal  of  computer  code  work  used  in  that 
certification  process.  A  computer  code  was  used  to  predict  ice  shapes  on  the  leading  edges;  one  was  also 
used  to  predict  limits  of  impingement  for  the  water  droplets.  The  water  trajectories  inside  the  engine 
ducts  were  also  computed  with  the  computer  code,  and  for  this  particular  aircraft,  they  had  a  by-pass  duct 
to  separate  out  particles  that  shed  during  de-icer  activation.  They  used  a  non-viscous  panel  flow  code 
coupled  with  a  3D  droplet  trajectory  code  to  calculate  water  droplet  trajectories  on  the  wings.  Pratt  & 
Whitney  used  the  VSAERO  code  with  their  own  3D  trajectory  code  for  the  inlet  duct  work. 

Also  used  was  ONERA's  two-dimensional  ice  accretion  code  to  calculate  ice  growth  on  the  balance  horns. 
These  two-dimensional  ice  growth  calculations  agreed  qualitatively  with  the  experimental  data  that  was 
obtained  in  the  BF  Goodrich  icing  tunnel  on  the  balance  horns.  There  was  no  ice  in  the  gap  of  the  balance 
horns,  but  they  determined  that  they  would  have  to  electro-thermally  heat  the  gap  to  make  sure  the  horn 
would  not  lock  up  with  ice.  A  most  important  conclusion  for  the  air  intake,  Mr.  Toogood  pointed  out,  was 
that  the  FAR/JAR  25  requirer  a  test  demonstration  at  -5°C  and  below.  P&W  has  found  a  worst  case  to  be 
somewhere  between  -5°‘J  -nd  0°C.  Under  these  conditions  he  had  to  use  a  higher  liquid  water  content 
(LWC)  that  goes  with  the  warmer  temperatures,  and  this  higher  LWC  leads  to  water  runback  beyond  the 
protected  areas.  The  water  can  run  back  into  the  duct,  build  up  ice,  and  that  ice  can  be  dislodged  and 
can  fod  the  engine.  His  recommendation  would  be  tliat  the  FAA  considers  a  test  at  a  temperature  above 
-5°C. 

That  summarizes  through  Session  2,  and  I  am  going  into  Session  3,  now,  on  the  effects  of  heavy  rain  and 
de-icing/anti-lcing  fluids. 

The  first  paper  that  was  presented  was  on  NASA  Langley  Research  on  Heavy  Rain  Effects,  and  Dr.  Ed 
Waggoner  presented  that  paper.  Results  were  given  for  both  scale-model  testing  conducted  in  the  14  x  22 
foot  Langley  tunnel  and  full-scale  testing  conducted  in  their  long  track.  They  had  a  very  impressive 
heavy  rain  spray  system  Involved  there.  They  were  also  able  to  record  rain  rates  in  several  locations 
around  the  world,  and  as  Dr.  Waggoner  pointed  out,  these  intensities  can  be  extremely  high.  They  recorded 
rain  rates  greater  than  28  inches  per  hour,  but  they  only  lasted  for  short  times;  they  can  last  for  as 
long  as  20  seconds,  and  in  20  seconds  an  airplane  can  get  into  a  lot  of  trouble.  They  also  found  that 
there  definitely  is  a  serious  aero-performance  loss,  CL  loss,  Cl.  max  loss,  and  alpha  stall  loss.  It  is 
interesting  that  there  is  a  difference  between  the  frost  effects  and  the  heavy  rain.  In  the  cruise 
configuration  heavy  rain  does  not  cause  a  serious  degradation  on  aero-performance.  But  with  the  slats 
deployed  they  do  have  an  aero-degradation  problem.  Waggoner  suspects  that  it  might  be  caused  by  blockage 
of  the  slat  gap  due  to  water.  He  is  just  not  sure  what  it  is.  He  feels  that  analytical  techniques  to 
model  the  rain  cannot  be  done  until  they  get  a  good  understanding  of  the  physics.  He  also  did  net  find  a 
strong  scaling  effect.  The  results  of  the  wind  tunnel  agreed  with  the  results  of  the  full-scale  testing. 
He  said  that  the  wind  tuiael  test  is  valid  for  first  order  effects  on  rain.  I  would  mention  here  that  Tom 
Zierten,  from  Boeing,  in  the  discussion  cautioned  that  this  research  should  be  done  very  carefully  before 
they  try  to  get  it  into  pilot  procedures  for  wind  shear.  The  effects  would  definitely  be  serious  because 
pilot  wind  shear  procedures  require  high  angles  of  attack,  and  there  will  be  a  tremendous  lift  loss  if 
heavy  rain  is  present  during  the  wind  shear. 

The  second  paper  on  heavy  rain  was  by  Mr.  Tang  from  Canada.  He  also  found  for  his  system,  which  again  was 
a  multi-element  configuration  with  slats  and  flaps,  losses  in  CL  max  between  6  and  16%,  and  drag  increases 
by  as  much  as  43%.  But  in  contrast  to  the  Langley  research,  which  said  that  scale  size  did  not  seem  to 
have  a  strong  effect  on  the  results,  Tang  found  that  the  higher  the  Reynolds  number  the  more  serious  the 
aero-degradation.  The  interesting  thing  to  observe  was  that  lift  loss  increments  (normalized  to  a  common 
rain  rate)  increased  with  increasing  Reynolds  number.  In  the  discussion  period  this  raised  a  real 
dilema.  One  study  was  insensitive  to  Reynolds  number  effects;  the  other  appeared  to  be  very  sensitive. 

The  conclusion  seems  to  be  that  a  lot  more  work  has  to  be  done  on  the  exact  type  of  wing  geometry  that  you 
are  dealing  with.  One  wing  geometry  may  be  very  sensitive  and  another  not  so  sensitive. 
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Another  paper  in  that  group  was  presented  by  Dr.  Feo  from  Spain.  He  presented  a  development  of  a  three 
element  conductance  sensor  for  liquid  film  thickness.  Presently  at  Langley  they  are  using  a  two  element 
sensor.  Dr.  Feo  showed  that  the  three  element  sensor  would  give  a  more  accurate  reading  of  the  depth. 

The  two  elemmt  apparently  gave  about  602  of  the  real  depth  whereas  the  three  element  gave  the  correct 
measurement.  He  also  pointed  out  with  the  three  element  system  the  practical  ef.'ect  of  electrolytic 
corrosion  on  these  triple  element  sensors  is  not  as  pronounced  as  with  a  two  element  system.  It  looks  to 

be  a  good  system  to  use  in  the  future.  They  also  had  good  dynamic  response,  something  like  a  tenth  of  a 

millisecond. 

I  don't  know  whether  I  can  summarize  the  last  two  ground  de-icing  papers.  The  main  point  is  that  in 
combination  with  Dr.  Carbonaro's  work  at  VKI,  the  work  done  by  Boeing  at  the  Lewis  Icing  Research  Tunnel, 
and  the  flight  test  work,  they  (VKI  and  Boeing)  were  able  to  develop  a  relatively  simple  aerodynamic 
acceptance  criteria  for  any  future  ground  de-icing,  anti-icing  fluids  that  are  submitted  for  this 
purpose.  It  amouncs  to  putting  a  fluid  on  a  flat  plate  on  the  floor  of  the  wind  tunnel  and  measuring  the 

air  boundary  layer  displacement  thickness  at  the  trailing  edge  of  the  plate.  They  actually  measure  the 

boundary  layer  displacement  thickness  by  measuring  the  pressure  drop  across  the  tunnel.  A  plot  of 
boundary  layer  displacement  thickness  versus  temperature  will  tell  them  whether  they  are  above  or  below 
the  acceptance  criteria  limit.  One  of  the  points  that  Dr.  Carbonaro  made  in  private  was  that  one  must  be 
extremely  careful  in  measuring  the  dimensions  of  the  tunnel  because  if  you  don't  you  can  get  big  errors  in 
your  results. 

That  summarizes  my  work.  Put  up  the  last  slide.  This  is  just  an  introduction  to  some  conclusions  and 
recommendations  which  I  hope  can  be  extended  by  discussion.  Someone  pointed  out  after  seeing  a  lot  of 
slightly  diffe-ent  results  with  the  surface  roughness,  that  they  felt  that,  as  had  been  done  for  wind 
tunnels  some  time  ago,  we  may  need  a  systematic  experimental  study  of  the  effects  of  Reynolds  numbers  on 
surface  roughness  effects.  That  sounds  like  a  good  idea.  Again,  we  need  a  very  careful  study  of  heavy 
rain  effects.  Don't  change  pilot  procedures  in  wind  shear  until  research  has  been  done.  From  what  I  have 
seen  and  what  I  know  about  code  development  I  think  that  we  must  continue  the  development  of  ice  accretion 
modelling  codes  for  three  dimension  and  for  predicting  aero-pe.  formance  penalties  caused  by  ice.  It  is  a 
very  active  area  which  will  be  going  on  for  several  years. 

Prof.  Slooff 

Thank  you,  Jack,  for  sharing  your  expert's  view  on  the  contents  of  this  meeting  and  for  your  comments  and 
recommendations.  We  are  all  looking  forward  to  the  written  version  of  your  report. 

This  should  be  the  beginning  of  the  Round  Table  Discussion.  As  you  may  have  noticed  we  are  running  a 
little  late  and  our  manoeuvering  friends  are  breathing  down  our  necks,  I  am  afraid.  Nevertheless,  I  would 
like  to  suggest  that  we  spend  a  few  minutes  on  two  important  questions.  One  is  perhaps  to  get  some 
comments  on  the  recommendations  by  Jack  Reinmarm  on  where  research  in  this  area  should  be  directed.  The 
second  question,  perhaps,  should  be  that  if  we  look  at  our  current  facilities  and  tools,  both  experimental 
and  computational,  what  is  lacking  there  and  what  is  needed.  What  sort  of  new  facilities  or  upgraded 
facilities  are  needed.  If  anyone  has  comments  or  suggestions  related  to  such  questions,  I  think  it  would 
be  a  good  idea  to  communicate  them.  One  thing  that  I  should  mention  perhaps  is  that  this  discussion  is 
being  recorded  on  tape.  You  shouldn't  worry  about  that,  nothing  you  will  say  will  be  held  against  you, 
but  it  is  useful  to  clearly  state  your  name  and  affiliation  because  the  transcript  of  the  discussion  will 
be  sent  to  you  for  corrections  and  editing.  So  make  sure  if  you  say  something  that  you  state  your  name 
and  affiliation  clearly. 

Could  we  put  up  Mr.  Reinmann's  last  viewgraph  again  so  that  we  have  a  look  at  his  recommendations  and  see 
if  anyone  else  would  like  to  add  something  to  that  or  comment  on  it. 

Mr.  R.  J.  Flemming,  Sikorsky  Aircraft,  USA 

One  thing  that  seems  to  be  apparent  from  a  lot  of  the  discussions  is  a  need  for  a  theoretical  method  that 
would  delve  into  the  boundary  layer  effect  of  water  or  ice  or  frost  on  the  airfoil  in  a  very  micro  nature. 
One  of  the  problems  that  we  may  be  experiencing  with  our  helicopter  correlation  is  the  effect,  not  of 
heavy  rein  on  the  airfoil,  but  of  something  that  is  more  closely  associated  with  flying  through  a  wet 
cloud.  The  same  problem  right  now  is  trying  to  use  the  heavy  rain  analysis  for  something  else,  but  we 
need  to  have  a  handle  on  the  physics.  We  don't  know  the  physics  right  now,  so  that  some  research  and 
possibly  the  use  of  programs  requiring  super  computers  for  analysis  may  start  to  answer  a  number  of  the 
questions  that  we  have,  in  terms  of  frost,  heavy  rain  and  flight  through  non-supercooled  and  supercooled 
clouds . 

Prof.  Slooff 

Thank  you  for  that  remark.  Is  there  a  boundary  layer  specialist  here  that  would  like  to  comment  on  that? 
Prof.  R.  J.  Kind,  Carleton  University,  USA 

I  don't  claim  to  be  a  boundary  layer  specialist,  but  it  certainly  is  a  tall  order,  in  the  case  of  frost 
maybe  not  as  tall,  because  at  least  the  frost  is  there,  it  is  rigid,  whereas  in  the  case  of  liquids  there 
could  very  well  be  some  sort  of  coupling.  In  fact  we  saw  those  ripples  and  so  on  in  the  film  from  Fokker 
and  that  was  maybe  where  the  supercomputers  come  in.  Having  done  calculation  methods  maybe  I  could  feel 
safe  in  saying  this  too,  that  they  are  very  interesting,  they  enable  you  to  see  a  lot  of  detail  that  is 
very  difficult  to  see  experimentally,  but  one  must  always  recognize  that  they  are  calculation  methods  and 
I  don't  know  to  what  degree  one  can  trust  them  without  validation.  Validation  is  really  quite  difficult 
because  you  get  into  these  Reynolds  number  effects  and  so  on.  So  it  is  a  difficult  order,  but  it  would  be 
well  worth  working  towards. 

Prof.  Slooff 

Is  there  anybody  else  that  would  like  to  comment  on  one  of  these  three  recommendations  here?  One  remark 
comes  to  my  mind  at  this  point  in  time  with  respect  to  the  effect  of  surface  roughness  on  boundary  layer 
development.  There  should  be  quite  a  volume  of  data  from  the  naval  hydrodynamicist.  They  have  a  problem 
with  all  kinds  of  little  creatures  growing  on  their  boats.  That  is  roughness  and  I  think  that  they  have 
quite  a  volume  of  experimental  towing  tank  material  there  probably.  That,  perhaps,  could  be  of  some  help 
to  us  also. 
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Professor  Dr.  C»  Clray,  Middle  East  Technical  University,  Turkey 

With  respect  to  the  first  recommendation,  i.e.,  the  need  for  research  for  Reynolds  number  effects  on 
surface  roughness,  I  think  civil  engineers  have  been  working  on  these  kinds  of  problems  for  years.  The 
irrigation  people  or  the  highway  engineers  have  similar  types  of  problems  with  rain  dropping  on  a  thin 
sheet  layer  of  water  flowing  on  the  surface  of  the  pavement.  I  think,  if  aerodynamic  engineers  are 
interested  in  these  kind  of  problems,  there  might  be  a  lot  of  information  existing  somewhere  but  they  may 
need  to  be  adapted  to  our  own  conditions. 

Prof.  Slooff 

Anybody  else  that  would  like  to  say  something  on  recommendations  f- r  future  research?  If  not,  1  would 
like  to  address  the  second  question,  that  is,  looking  at  the  tools  that  are  available  when  trying  to  solve 
our  problems  in  this  area,  experimental  as  well  as  computational  tools,  what  is  missing?  Would  anybody 
like  to  comment  on  what  is  lacking  here  and  what  we  should  do  to  try  to  improve  the  situation;  also 
perhaps  in  terms  of  experimental  techniques. 

Apparently  we  all  feel  very  happy  with  what  we  have.  Jack,  do  you  have  a  comment  on  that. 

Hr.  Relnmann 

I  think  the  important  point  that  we  see  is  that  we  don't  know  very  much  about  how  to  model  roughness 
effects  on  ice,  md  how  to  get  good  aero-performance  penalty  calculations.  If  you  go  to  Navier-Stokes 
approaches  you  probably  have  to  modify  your  turbulence  models,  for  example.  To  start  doing  that,  yoii  get 
into  a  lot  of  work.  There  are  other  approaches.  We  think  we  could  do  a  lot  more  in  understanding  the 
boundary  layer  approach  to  surface  roughness.  Right  now  ice  presents  a  very  grotesque  ice  shape.  There 
are  feathers  behind  the  large  piece  of  ice  that  may  act  like  turbulence  generators.  It  is  just  very 
complicated  and  we  think  that  it  is  going  to  take  a  lot  of  work  to  sort  it  out.  I  think  these  things  will 
occupy  fluid  dynamicists  for  a  number  of  years  yet. 

Mr.  E.  Waggoner,  NASA  Langley  Research  Center,  USA 

I  will  comment  on  the  computational  aspects  associated  with  the  heavy  rain.  We  too  have  found  it 
difficult  to  get  CFD  personnel  really  Interested  in  this  problem.  It  is  a  very,  very  difficult  problem. 

We  have  been  successful  in  initiating  a  grant  with  Professor  Rand  Decker  at  the  University  of  Utah  and  he 
will  be  staying  with  us  three  months  this  summer  to  get  the  work  started  and  he  will  be  looking  at  very 
detailed  calculations  of  raindrop  trajectories  and  their  interactions  with  an  airfoil  and  then  the 
subsequent  computations  with  a  Navier-Stokes  code.  Perhaps  in  a  year  we  will  have  a  better  feel  for  the 
success  of  this  program. 

Prof.  Slooff 

Thank  you  for  that  information.  I  am  sure  people  will  be  looking  forward  to  the  results  of  that.  Anybody 
else  at  this  point  in  time  that  would  like  to  make  a  comment  or  suggestion  or  perhaps  ask  a  question  to 
one  of  the  authors  if  he  didn't  have  a  chance  in  the  discussion  period  for  a  particular  paper.  If  not, 
then  in  view  of  the  time,  I  think  this  is  the  end  of  this  meeting.  It  has  been  a  pleasure  working  with 
you  these  past  three  days.  I  thank  all  the  authors  for  their  efforts  and  their  presentations, 
particularly  the  Technical  Evaluator,  Hr.  Reinmann,  for  his  close  listening  and  scrutinization  of  the 
material,  and  finally  of  course,  the  audience  for  their  Interest  and  participation  In  the  discussions.  I 
now  have  a  hunch  that  AGARD's  Fluid  Dynamics  Panel  Chairman  wants  to  say  something. 

Dr.  W.  J.  McCroskey,  US  Army  Aerofllghtdynamlcs  Directorate,  USA 

You  are  very  good  at  picking  up  the  hint.  Thanks  to  you,  Professor  Slooff  and  your  Program  Committee  for 
putting  together  this  specialist  meeting.  Thanks  to  the  authors  of  course.  I  would  like  to  acknowledge 
the  contributions  here  of  the  representative  of  the  Flight  Mechanics  Panel,  Monsieur  Renaudie  and  the 
representative  of  the  Propulsion  and  Energetics  Panel,  Professor  Jacques.  Also  thanks  very  much  to  Mr. 
Reinmann  for  your  part  and  to  all  of  you  for  your  parts  contributing  to  the  success  of  this  meeting.  I 
hope  you  found  it  profitable  and  stimulating.  Thanks  also  to  our  translators,  our  host  Sup'Aero  and  our 
local  coordinators,  Monsieur  and  Madame  Dujarric.  Thanks  to  Aerospatiale,  to  Airbus  Industrie,  to  ONERA 
and  specifically  to  Monsieur  Bosquet  for  the  tours  and  dinners  that  were  arranged  yesterday. 

Just  quickly  I  would  like  to  say  that  AGARD  is  unique.  Nevertheless,  like  many  institutions  it  is  now 
under  pressure  to  justify  its  existence.  Therefore,  I  would  like  to  say  that  if  you  found  this  meeting 
useful,  we  would  request  that  you  please  acknowledge  this  to  your  management.  If  you  have  suggestions  for 
improvement,  we  would  like  you  to  address  them  to  the  Panel  Members,  and  we  would  really  like  to  hear  from 
you.  Now  just  a  few  quick  administrative  announcements.  We  will  take  a  short  coffee  break  in  the 
registration  area.  During  this  time  you  are  asked  to  manoeuver  rapidly  and  to  buy  tickets  for  lunch  if 
you  have  not  already  done  so.  If  you  have  a  companion  who  would  like  to  make  the  walking  tour,  or  those 
of  you  finishing  this  conference  who  want  to  join  the  walking  tour  of  Toulouse  this  afternoon,  also  please 
buy  the  tickets  at  the  coffee  break. 

Panel  members  are  asked  to  start  lining  up  to  buy  dinner  tickets  for  tomorrow  night  and  to  look  Into  the 
arrangement  for  transportation  that  is  being  provided  after  the  business  meeting.  Finally,  there  will  be 
a  bus  leaving  at  11:15  going  back  to  Place  Wilson,  to  the  train  station  and  to  the  airport. 

Ibis  is  not  the  end.  FDP  will  be  continuing  and  I  would  like  to  just  mention  very  briefly  our  future 
programs.  In  addition  to  the  Manoeuvering  Aerodynamics  Specialists  Meeting  that  will  start  in  another  20 
minutes  or  so,  we  have  a  fall  symposium  on  Aerodynamic  Engine  Airframe  Integration  that  will  occur  in 
Texas  In  early  October.  Symposia  next  year  include  one  on  Hypersocics  In  Torino  in  May,  one  on  Highlift 
Aerodynamics  in  Canada  In  the  fall  and  two  special  courses  that  are  put  on  in  conjunction  with  the  von 
Karman  Institute.  Now  in  conclusion  thanks  again  to  all  of  you  for  your  participation.  We  hope  to  see 
you  at  these  future  AGARD  meetings,  Including  the  Specialists  Meeting.  As  I  say,  please  now  manoeuver 
rapidly  and  let's  come  back  from  the  coffee  promptly  at  11:05. 
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14.  Abstract  ' 

-  V  The  1 9  technical  papers  developed  for  the  AGARD  Fluid  Dynamics  Panel  (FDP)  Specialists’ 
Meeting  on  “Effects  of  Adverse  Weather  on  Aerodynamics”  held  from  28th  April— 1  May  199 1 
in  Toulouse,  France  are  documented  in  this  Conference  Proceedings.  Jn  addition,  introductory 
material  from  the  Program  Chairman  and  the  results  of  the  Round  Table  Discussion  held  after  the 
meeting  are  also  included. 

The  FDP  organized  this  meeting  to  provide  a  timely  review  of  the  progress  being  made  in 
advancing  the  statq-of-the-art  of  predicting,  simulating,  and  measuring  the  effects  of  icing,  anti¬ 
icing  fluids,  and  various  forms  of  precipitation  on  the  aerodynamic  characteristics  of  flight 
vehicles.  Topics  included  results  from  both  theoretical  and  experimental  programs  and  material 
related  to  procedures  and  regulations  for  certification  and  operation.  International  participation 
for  the  meeting  included  authors  from  eight  nations  and  representatives  from  most  of  the  16 
NATO  nations,  "u- 
( 
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